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Preface

Corrosion is a big problem globally and needs to be minimized to boost the
economy. Corrosion is omnipresent in all metallic systems in all parts of the world.
All systems used in engineering are subject to corrosion, which leads to their
degradation, including systems used in clean energy, water supply, construction,
transportation, food, commercial world, treatment plants, boilers, and storage
tanks. Corrosion is part of our life from stents used in the heart, wires used in
teeth, Mg/Ti implants in the body, to nuclear power plants. Due to its presence in
industries and multidisciplinary areas, corrosion is one of the hot topics of research
for young scientists and students who are placing their feet in the shoes of other
professors and eminent scientists to find a suitable solution.

Corrosion is a big threat resulting in the loss of billions of dollars each year.

This economic meltdown needs to be mitigated through proper and advanced
techniques. Scientists and authors have come up with new techniques comprising
of ceramics, polymers, glass, and other materials in line with the existing
techniques. However, there is an ongoing demand to meet the environment
regulations and produce low cost corrosion inhibitors and coatings. This book
includes different sections with several chapters embedded in it. The sections
include chapters on corrosion inhibitors, biological corrosion, implants, and
general corrosion. All these chapters will serve the academicians, researchers,
and industrialists to grasp deeper insights into the mechanism and mode of action
of corrosion on different metals in various aggressive solutions.

Dr. Ambrish Singh

Professor,

School of New Energy and Materials,
Southwest Petroleum University,
Chengdu City, China
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Chapter 1

Corrosion Mitigation by Planar
Benzimidazole Derivatives

Ambrish Singh, Kashif R. Ansari, Dheeraj S. Chauhan,
Mumtaz A. Quraishi, Savas Kaya, Hua Yu
and Yuanhua Lin

Abstract

The corrosion has a considerable amount of impact on the economics of every
nation, and ultimately it affects the GDP. In the present era, the challenge given by
corrosion can be easily mitigated using organic compounds as corrosion inhibitor in
different corrosive media. The important property of an inhibitor is the presence of
the metal interacting with heteroatoms and a planar structure. In this regard,
benzimidazoles (BI) with a fused bicyclic ring consisting of benzene and imidazole
moiety in their structural framework making them a potential candidate for anti-
corrosion work. In addition to this, bezimidazole derivatives are classified as green
inhibitor due to different kinds of biological activities. Their higher potency to
mitigate corrosion is because of the planar molecular structure, nitrogen atom and
sp2 hybridized carbon, which provide them an ability to strongly interact with the
metal. The focus of this book chapter is to investigate briefly the anti-corrosion
ability of benzimidazole (BI) and their derivatives as a potential corrosion inhibitor
for various industrially useful metals in different aggressive media.

Keywords: benzimidazole, corrosion, inhibitor

1. Introduction

The costs and the aftermath of corrosion are enormous. There are so many
reports identified, resulting in the death and injury of living beings due to the
corrosion failure. The easily quantifiable costs are those associated with the repair
and replacement of equipment. It is very much difficult to predict the exact loss
associated with the corrosion especially when corrosion causes the production unit
in the petroleum industry to shut down. The potential method to reduce the corro-
sion is using the organic compounds in the aggressive media for protecting the
metals against corrosion. Among the numerous inhibitor groups, benzimidazole
derivatives have gained a more practical application due to their environmentally
benign nature, potential ability to strongly interact with the metal surface through
the nitrogen atoms and easy methods to modify their molecular structure as per the
required need.

The benzo derivative of imidazole is referred to as benzimidazole. Although
benzimidazole is the commonest name of the parent compound of the series, other
names such as benzimidazole and 1,3-benzodiazole are often used. The main pur-
pose of this book chapter is to introduce briefly the anti-corrosion ability of
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benzimidazole and their derivatives as a potential corrosion inhibitor for the various
industrially useful metals in different aggressive media.

1.1 A brief overview on biological activities

The molecular structure of benzimidazole arises by fusing the benzene and
imidazole rings. It generates a class of bicyclic compounds which have a wide range
of biological and pharmacological activities (Figure 1).

The molecular structures of some benzimidazole containing nucleus com-
pounds, which are commonly used for various therapeutic applications, are
presented in Figure 2: (1) benoxaprofen analog (anti-inflammatory),

(2) pantoprazole (proton pump inhibitor), (3) candesartan (antihypertensive),
(4) albendazole (anthelmintics/antimicrobial), (5) mebendazole (anthelmintics),
(6) bilastine (antihistaminic), (7) carbendazim (antifungal), (8) bendamustine
(antitumor) and (9) astemizole (antihistaminic) [1].

1.2 Molecular structure

The general molecular structure consists of a bicyclic heteroatomic structure
with two nitrogen atoms (Figure 3).

The benzimidazole derivatives have different kinds of extensive coupling con-
stant, which leads to generate coupling with strong force constants [2].
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Figure 1.
Biological activities of benzimidazole.
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Therapeutic applications of benzimidazole derivatives.

Figure 3.
Molecular structure of benzgimidazole.

Benzimidazole derivatives have a greater affinity to produce a variation of chemical
species because of the high force constant, and this is a remarkable characteristic of
the benzimidazole. The analysis of vibrational property of benzimidazole deriva-
tives is difficult due to the presence of extensive coupling in their molecular struc-
ture [3], although scientists were successful to analyse the vibrational properties of
simple benzimidazole derivatives by applying density functional theory (DFT).

1.3 Synthesis

The synthesis of benzimidazole is very important with respect to their varying
potential pharmacological activities. Thus, a unique attention is required to fulfil
this process. In literature, various methods are given using different kinds of cata-
lyst. Few of them are as follows:

Azarifar et al. [4], synthesized benzimidazole derivatives by condensation of
o-phenylenediamine promoted by acetic acid under microwave. They concluded
that a mild, manipulatable procedure, eco-friendly and green aspects avoiding
hazardous solvents, shorter reaction times and high yields of the products are the
advantages of this method.

N AcOH/O,(air) N N
4+ R—CHO ————— - N R
- MW(50 °C) / ”
: fux( 80 °C) \_ -
Ref
I R
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Shaikh et al. [5] have efficiently synthesized benzimidazoles in high yields by
treatment of 1,2-diamine with aldehydes using the metal coordinate complex K4[Fe
(CN)6] as a catalysis.

Mty 9 K,[Fe(CN N:

| N + A 4[ E( }5,] \ R
= Ph H Grinding N
/ NH, R/ H

Vaidehi et al. [6] had synthesized a set of 2-substituted benzimidazoles success-
fully by condensation of o-phenylenediamine with substituted acids in the presence
of ring closing agents like polyphosphoric acid/HCIl. The present work has demon-
strated the use of a simple cyclocondensation method and ring closing agents for
synthesis of 2-substituted benzimidazoles.

0
ity Reflux, 100 °C N
< HOJ\R _— N CH,
- PPA/HCI E> < >

Rekha et al. [7] studied the catalytic activity of alumina, zirconia, manganese
oxide/alumina and manganese oxide/zirconia in the condensation reaction between
o-phenylenediamine and an aldehyde or a ketone to synthesize 2-substituted benz-
imidazoles and 1,5-disubstituted benzodiazepines, respectively.

" i \
0.2 g of catalyst
NH, Ethanol, 80 °C

N
H

R

Chunxia et al. [8] have developed a straightforward method for the synthesis of
the benzimidazole ring system through a carbon-nitrogen cross-coupling reaction in
the presence of K,COj3 in water at 100°C for 30 h; the intermolecular cyclization of
N-(2-iodoaryl) benzamidine provides benzimidazole derivatives in moderate to

high yields.

X \ .
N
|\\ NH Base, H,0 q!
/>
N

—_—
e NHJJ\R1

Kathirvelan et al. [9] synthesized various 2-substituted benzimidazoles
in moderate to good yields in a one-pot reaction by condensation of
o-phenylenediamine and an aldehyde in the presence of ammonium chloride
as a catalyst at 80-90°C.
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Srinivasulu et al. synthesized benzimidazole derivatives using zinc triflate as an
efficient catalyst in a one-pot synthesis of 2-substituted benzimidazole derivatives
from o-phenylenediamine and substituted aldehydes in ethanol solvent at reflux
temperature. They concluded that zinc triflate was found to be an efficient catalyst
for the formation of benzimidazole from aldehydes and o-phenylenediamine [10].

0
NH
C[ 2+ @/LLH _Zn(OTh), @ >_C>/
Ethanol
e S

Reflux, 8 h

Patil et al. [11] have shown that benzimidazole derivatives have been synthe-
sized by reacting substituted o-phenylenediamine with aldehyde derivatives using a
catalytic amount of zinc acetate at room temperature with excellent yields.

0]

Xg e Zn(OAc), A N\
| t e w0
: NH ' AN
R . R

Karimi-Jaberi et al. [12] had synthesized 2-substituted benzimidazoles in a one-
pot reaction from o-phenylenediamine and aldehydes in the presence of boric acid
in water at room temperature.

)J\ Boric Acid | e N\: .
| Ao H H, HORT U/ "
R NH R’

Kidwai et al. [13] synthesized benzimidazole derivatives from o-
phenylenediamine and aldehydes in PEG as a solvent with ceric ammonium nitrate
(CAN) as a catalyst. This method provides a novel route for the synthesis of
benzimidazoles in good yields with little catalyst loading.

N
CAN(5 mol %
OO -0
PEG, 50 °c N
H
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Khunt et al. [14] have synthesized the benzimidazole by reacting o-
phenylenediamine with several aldehydes using a green solvent PEG400 and got
good yields.

NH,

PEG N
+R N0 —— > §>__R

80~ 85°C
NH, N

2. Corrosion inhibition by benzimidazole derivatives

The inhibition ability of the organic compounds containing heteroatoms
depends upon the rate of the molecular adsorption at the metal/solution interface
which in turn depends upon the molecular structure/symmetry and charge density
presenting on the inhibitor molecules [15]. Benzimidazoles are very good corrosion
inhibitors because of their unique molecular structure and solubility in aqueous
media. As we have seen in Figure 3, the molecular structure of benzimidazole has
an aromatic property due to the presence of the fused six-membered benzene ring
with the imidazole ring. The presence of planar benzene ring with sp2 hybridized
carbon atoms and lone pair of electrons presenting on the nitrogen atoms of the
imidazole ring makes the whole molecular system as an anchoring site for molecular
adsorption at the metal surface [16, 17].

2.1 Metal protection by benzimidazole in aqueous media

Benzimidazole and its derivatives prevail themselves as potential corrosion
inhibitor candidates. They prove the ability to reduce the corrosion phenomenon in
aqueous media for various metals like mild steel, copper, brass and zinc. In this
chapter, I would like to emphasize only on these metals. The molecular structures of
benzimidazole derivatives studied in this book chapter are tabulated in Table 1.

2.1.1 Experimental vesults

Ramya et al. [18] have studied the synergistic hydrogen-bonded interaction of
alkyl benzimidazole derivatives (2-MBI, 2-EBI, 2-PBI), and 1,2,3-benzotrizole
(BTZ) and its corrosion protection properties on mild steel in hydrochloric acid at
different temperatures have been studied using polarization, EIS, adsorption, sur-
face studies and computational methods. They observed that benzimidazole deriv-
atives and BTZ molecules are effective inhibitors and their inhibition efficiency
increases when these two inhibitors are used in combination.

In 2011 Guadalupe et al. [19] analysed the corrosion inhibition properties of
BBED via electrochemical (polarization curves and electrochemical impedance
spectroscopy) and DFT techniques. Electrochemical impedance data demonstrate
that the interface charge capacitance of the electrode with the BBED solution affects
the time of charge/discharge of the interface, facilitating the formation of adsorp-
tion layer over the iron surface. They also estimated the fractal dimension of the
electrode surface in order to understand the nature of the electrode surface. DFT
results clearly show that BBED possess corrosion inhibition properties by having a
delocalization region (N1=C1=N2) in the benzimidazole ring that gives up its p
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electron density through its HOMO orbital to the metal LUMO to form an adsorp-
tion layer over the metallic surface.

The influences of a benzimidazole derivative, namely, 1,8-bis(1-chlorobenzyl-
benzimidazolyl)-octane (CBO), on the corrosion behaviour of mild steel in differ-
ent concentration HCI solutions was studied by Wang et al. [20]. The authors
conclude that CBO acted as an excellent mixed-type inhibitor and strongly adsorbed
via chemical bond formation. The data obtained from weight loss and electrochem-
ical measurements have shown that the CBO has the excellent inhibiting properties
for mild steel in HCI solution.

Ahamad and Quraishi [21] studied the corrosion inhibition effects of a water-
soluble benzimidazole derivative, namely, bis(benzimidazol-2-yl)disulphide
(BIMDS) on mild steel 1.0 M HCI and 0.5 M H,SO,. The results reveal that BIMDS
showed a better performance in 0.5 M H,SO, solutions than in 1.0 M HCI. Polari-
zation measurements indicated that BIMDS is a mixed-type inhibitor in both acid
media. The inhibitor obeyed the Langmuir adsorption isotherm model in both acid
media.

Abboud et al. [22] studied the 2,2’-bis(benzimidazole) as a corrosion inhibitor
for mild steel in 1 M HCI. The analysis of polarization curves showed that the
mechanism of corrosion inhibition remains unchanged after the addition of the
inhibitor and the inhibitor acts as a mixed type. The corrosion inhibition of the
inhibitor can be interpreted by a simple blocked fraction of the electrode surface
related to the adsorption of the inhibitor species according to a Langmuir isotherm
on the steel surface.

Popova et al. and Mahdavian et al., respectively, in 2004 and 2010 studied the
corrosion inhibition property of a series of benzimidazole derivatives [23, 24]. The
results of Popova et al. reveal that the inhibition efficiency increased with the
increase of organic substrate concentration, while the adsorption followed the
Frumkin isotherm. They also suggest that there was no correlation observed among
the studied various parameters of the electronic structure and the corrosion inhibi-
tion efficiency. Likewise Mahdavian results reveal that the studied inhibitor
reduced both the cathodic and anodic polarization curves and behaved as a mixed-
type inhibitor. The change in the values of the impedance parameters suggests the
adsorption of the inhibitor on the metal surface. In surface analysis like SEM/EDX,
the presence of sulphur confirmed the adsorption of the inhibitor on the mild steel
surface.

Dutta et al. [25] in 2015 studied the corrosion inhibition of bis-benzimidazole
type derivatives for mild steel with an immersion of 4 days in 1 M HCIL. The results
of the potentiodynamic polarization studies reveal that inhibitors produce a mixed-
type protection but mostly affect the cathodic reaction.

2.1.2 Computational results

The approach of DFT results were used to probe into the interaction modes for
the inhibitor molecules on the steel surface. The MDS was used to analyse the
configuration of equilibrium adsorption of inhibitors. All the interaction energies
between the inhibitors and the metal surface were deduced in the aqueous phase.

Cao et al. [26] performed the comparative theoretical study using DFT and MSD
for 2-aminomethyl benzimidazole (ABI), bis(2-benzimidazolylmethyl) amine
(BBIA) and tri-(2-benzimidazolylmethyl) amine (TBIA) on the mild steel surface.
They concluded that the three-inhibitor molecules showed similar ability for the
electron donation, while the difference in the electron-accepting ability makes them
give a different inhibition performance. MD simulations suggest that the steric
effect among the inhibitor molecular structures significantly affects the adsorptive

14
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BBIA

Figure 4.
Equilibrium configurations of ABI, BBIA and TBIA molecules.

configurations over the Fe (1 0 0) surface. Figure 4 represents the equilibrium
adsorption configurations of inhibitors on Fe (1 0 0) in the aqueous phase.

Yadav et al. [27, 28] group studied the corrosion inhibition of 2-(1-(morpholi-
nomethyl)-1Hbenzo[d]imidazol-2-yl)phenol (MBP), 2-(1-((piperazine-1-yl)
methyl)-1H-benzo[d]imidazol-2-yl)phenol (PzMBP), 2-(1-((piperidine-1-yl)
methyl)-1H-benzo[d]imidazol-2-yl)phenol (PMBP), 4-(phenyl)-5-[(2-methyl-1H-
benzimidazol-1-yl) methyl]-4H-1,2,4-triazole-3-thiol (Inh I), 4-(4-methylphenyl)-
5-[(2-methyl-1H-benzimidazol-1-yl)methyl]-4H-1,2,4- triazole-3-thiol (Inh II) and
4-(4-methoxyphenyl)-5-[(2-methyl-1H-benzimidazol-1-yl) methyl]-4H-1,2,4-
triazole-3-thiol (Inh III) on N8O steel in 15% HCI solution using weight loss mea-
surement, potentiodynamic polarization and electrochemical impedance spectros-
copy (EIS) techniques. They observed that inhibition efficiency of all the inhibitors
increases with increase in concentration and decreases with increase in tempera-
ture. Furthermore the steel surface was analysed by SEM and AFM techniques. The
density functional theory was employed for the theoretical evaluation of the studied
inhibitors. Figures 5 and 6 represent the AFM and SEM micrograph of the N8O steel
surface.

The inhibitive actions of 2-mercaptobenzimidazole (MBI) and 2 thiobenzylben-
zimidazole (TBBI) on copper corrosion in 1 M HNO3; medium were studied, using
weight loss method, at 25-65°C and in the concentrations of the range of 5 x 10> M
to 10 > M by Niamien et al. group in 2011 [29]. They reported the inhibition
efficiencies of 90.0% for TBBI and 87.7% for MBI at 25°C. Negative values of
changes in free energies indicate the spontaneous adsorption process with a combi-
nation of both physical and chemical processes. They have done the correlation
between theoretical data and experimental results using DFT/B3LYP/6-31G (d,p)
method.

Rao et al. [30] demonstrated the self-assembled (SAM) monolayer formation of
5-methoxy-2-(octadecylthio)benzimidazole (MOTBI) on fresh copper surface. The
MOTBI SAM on copper surface was characterized by contact angle measurements,
X-ray photoelectron spectroscopy and reflection absorption FTIR spectroscopy, and
it is inferred that chemisorption of MOTBI on copper surface is through nitrogen.
The corrosion protection ability of MOTBI SAM was evaluated in aqueous NaCl
solution using impedance, electrochemical quartz crystal nanobalance,
potentiodynamic polarization and weight loss studies.
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Figure 5.
AFM micrograph (a) without inhibitor, (b) with PMBP, (c) with MBP and (d) with PMBP.

o

Figure 6.
SEM micrograph (a) without inhibitor (b) Inh III, (c) Inh II and (d) Inh L
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In 2014, Ozbay et al. [31] have carried out the inhibitive action of newly syn-
thesized ortho-hydroxy Schiff bases of 5-amino-6-nitro-1H-benzimidazole against
the corrosion of copper and brass in alkaline medium using potentiodynamic polar-
ization and electrochemical impedance spectroscopy. The results showed an inhibi-
tion efficiency of 91.0% and 97.4% for copper and brass, respectively.

Madkour and Elsham [32] studied the inhibitive performance of seven synthe-
sized 2-(2-benzimidazolyl)-4 (phenylazo) phenol (BPP_1-7) derivatives which
were investigated experimentally on the corrosion of copper in 2.0 M HNO; acid
using mass loss and thermometric and DC potentiodynamic polarization tech-
niques. Quantum chemical calculations were investigated to correlate the electronic
structure parameters of the investigated benzimidazole derivatives with their inhi-
bition efficiencies values.

Yanardag et al. [33] have studied the corrosion inhibition property of 1H-
benzimidazole, (BIM), 2-methyl-1H-benzimidazole (2-CH3;BIM), 5-nitro-1H-
benzimidazole [5(6)-NO,BIM] and 5(6)-dinitrobenzimidazole (5,6-diNO,BIM) for
copper, zinc and brass in alkaline and neutral media. The results under the experi-
mental conditions suggest the efficiency order of the inhibitors is BIM > 5(6)-
NO,BIM > 5,6-diNO,BIM > 2-CH3BIM in alkaline media (pH: 13) and 2-

CH3BIM > 5(6)-NO,BIM > BIM in the 0.5 M NaCl solution.

The corrosion inhibition characteristics of 2-mercaptobenzimidazole (MBI), 2-
mercapto benzimidazolyl-ethyl acetate (MBEA), 2-hydroxy benzimidazole (HBI)
and 2-hydroxy 5-nitro benzimidazole (HNBI) on zinc corrosion in 0.1 M
hydrochloric acid were investigated by weight loss and potentiodynamic polariza-
tion techniques by the group of Shanbhag et al. [34]. The inhibition efficiency

© (@

Figure 7.
Simulation models of H;O" (shown in CPK) in various inhibitor films (shown in line): (a) 2-SH-BI,
(b) 2-NH,-BI, (c) 2-CH;-Bl and (d) BL
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increased with an increase in inhibitor concentration but decreased with an increase
in temperature. The adsorption of MBI and MBEA obeyed Langmuir’s adsorption
isotherm, but HBI and HNBI followed Temkin’s adsorption isotherm. The existence
of inhibitor film on metal surface was established by scanning electron microscopy
(SEM) images.

Zhang et al. [35] studied the diffusion of corrosive particles inside inhibitor films
consisting of 2-mercaptobenzimidazole (2-SH-BI), 2-aminobenzimidazole (2-NH,-
BI), 2-methylbenzimidazole (2-CH3-BI) and benzimidazole using molecular
dynamics simulation (MDS). Diffusion coefficients of various corrosive particles in
the films were calculated, and their order is 2-SH-BI < 2-NH,-BI < 2-CH3-BI < BIL
Fractional free volume, interaction between corrosive particles and films and
mobility of films were also investigated to illustrate the microscopic diffusion
mechanism. As a result, it can be inferred that the order of inhibition efficiency is
2-SH-BI > 2-NH,-BI > 2-CH3-BI > BI. The simulation models of H;0" in various
inhibitor films are shown in Figure 7.

Recently Singh et al. [36] have studied the corrosion inhibition effect of three
synthesized benzimidazole derivatives, namely, 2-(3,4,5-trimethoxyphenyl)-1H-
benzo[d] imidazole (TMI), 2-(3,4-dimethoxyphenyl)-1H-benzo[d] imidazole
(DMI) and 2-(4-methoxyphenyl)-1H-benzo[d] imidazole (MMI), for J55 steel sat-
urated with CO, in a 3.5% NaCl solution. The author has analysed the corrosion
inhibition property using weight loss, impedance spectroscopy (EIS) and
potentiodynamic polarization methods. The metal surface was examined by scan-
ning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS).
They have justified the experimental results using the DFT and MD studies. Their
investigations both by experimental and theoretical analyses suggest that as the
number of methoxy groups increases, the corrosion protection ability of the inhib-
itors increases, and thus TMI is the best inhibitor. The results of the Tafel curves are
presented in Figure 8. As observed from the curves, inhibitor TMI exhibited a
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Figure 8.
Tafel curves in without and with different concentrations of inhibitors: (a) TMI; (b) DMI; (c) MMI.
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superior inhibition as compared to DMI and MMI, and the adsorption of these
molecules on the metal surface affected both anodic and cathodic reactions. The
three studied compounds can significantly reduce the corrosion current density
values, and they exhibit mixed-type inhibition characteristics. The values of corro-
sion current density (icorr) without addition inhibitors are 104.4 pA cm 2, and the
addition of inhibitors reduced it to 5.5 pA cm 2 (TMI), 13.2 pA cm 2 (DMI) and
21.5 pA cm ™2 (MMI).

3. Conclusion

The book chapter gives an overview of the role of benzimidazole and their
derivatives in the corrosion mitigation of industrially important alloys such as mild
steel, N80 steel, aluminium, zinc, copper and brass in various aggressive media.
Here we have also tried to explore the molecular structure, synthesis protocol and
some important biological activity of benzimidazole derivatives. In view of the

literature analysis, it could be concluded that benzimidazole derivatives have the
Y
potential ability to act as a suitable additive for various corrosive solutions.
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Chapter2

Green Inhibitors to Reduce the
Corrosion Damage

Said Abbout

Abstract

Over the last years, corrosion phenomenon is an important economical and
lives lost, which calls in the last decades researches on its final resolution by various
techniques. Through this book chapter, we present one of the most used methods
to protect the metals: the corrosion inhibitor. We have presented the classification
(liquid and gas phase), action mode (adsorption, barrier, reinforcing of the oxide
layer, passivation, and formed insoluble complex), the application fields (water
treatment, petroleum industry), and some particular inhibitors. In addition, we
present a case study using a green corrosion inhibitor (GCI) prepared from the oil
of Ceratonia siliqua L. seeds.

Keywords: corrosion inhibitor, volatile corrosion inhibitors, Ceratonia siliqua L.,
polarization and impedance measurements

1. Introduction

Corrosion is an unstoppable phenomenon, in order to avoid or reduce the cor-
rosion of metallic materials; the corrosion inhibitor is one of the most effective and
flexible means of corrosion prevention and mitigation [1].

2. Generalities about the corrosion inhibitors
2.1 Definition and functions necessary in the corrosion inhibitor

According to ISO 8044, the corrosion inhibitor is a chemical substance added
to the corrosion system at a concentration chosen for its effectiveness; this causes
a decrease in the corrosion rate of the metal without significantly modifying the
concentration of any corrosive agent contained in the aggressive medium [2]. In
addition, this role can be assured by other ways such as modification of the pH and
incorporation of some metals like zinc in the chemical composition of the materials.
In fact, such a definition cannot be perfect; however, it avoids to consider inhibitors
as additives.

From this definition, a corrosion inhibitor must therefore verify some funda-
mental properties:

* Decreasing the corrosion rate of the metal while retaining the physicochemical
characteristics of the latter
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* Stable in the presence of other constituents, in particular with respect to
certain biocides

Stable in the temperature range used
* Effective at low concentrations
* Inexpensive compared to the savings it allows to achieve

 Compatible with the current standards of nontoxicity and environmental
pro-tection

2.2 Utilization conditions

A corrosion inhibitor can be used as method of protection:

* Asapermanent protection, the inhibitor allows the use of metallic materials
(non-alloyed ferrous example) under satisfactory conditions of resistance to
corrosion [3].

* Asatemporary protection during a period when the piece or installation is par-
ticularly susceptible to corrosion (storage, stripping, cleaning) [4]. In this case,
the control of the system is a priori simpler, and the prediction of the behavior
of the inhibitor over the time being is easier to carry out.

* Asasupplementary protection to improve the resistance against the corrosion,
in the case of the surface coating [5].
3. Classification of the corrosion inhibitors
Various authors have classified the corrosion inhibitors differently. Some authors
prefer to group the inhibitors by their chemical functionality (organic or inor-

ganic), others by their electrochemical reaction. Figure 1 presents the classification
of the corrosion inhibitors.

Corrosion Inhibitor

Interface

Scavengers

Inhibitor =
" Liguid Phase
Gaseous Phase - - By Physical adsorption
Anodic Mixed By Film
i By Chemical adsorption
Cathodic
By poison By Precipitation

Figure 1.
Corrosion inhibitor classification.
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3.1Liquid phase

The corrosion inhibitors can be classified in the liquid phase as a cathodic,
anodic, or mixed.

Cathodic inhibitors either slow the cathodic reaction itself or selectively pre-
cipitate on cathodic areas to increase the cathodic surface and limit the diffusion
of aggressive species to these areas, which means a shift of the corrosion potential
to a more negative potential (more than 85 mV) and a decrease in the cathodic
current density. Cathodic inhibitors can provide inhibition by two different
mechanisms: as cathodic poisons and as cathodic precipitates. Some cathodic
inhibitors, such as arsenic and antimony compounds, work by making the recom-
bination and discharge of hydrogen more difficult. Other cathodic inhibitors, such
as calcium ions, zinc ions, or magnesium ions, may be precipitated as oxides to
form a protective layer on the metal. Oxygen scavengers help to inhibit corrosion
by preventing the cathodic depolarization caused by oxygen. The most com-
monly used oxygen scavenger at ambient temperature is probably sodium sulfite
(Na,S0;) [6] (Figure 2).

Anodic (or passivating) inhibitors cause a large anodic shift of the corrosion
potential to a more positive potential (more than 85 mV), forcing the metallic
surface into the passivation range (slow the anodic reaction). There are two types
of passivating inhibitors: oxidizing anions, such as chromate and nitrate, which can
passivate steel in the absence of oxygen and the nonoxidizing ions, such as phos-
phate, tungstate, and molybdate, which require the presence of oxygen to passivate
steel [7].

Anodic inhibitors can actually cause pitting and accelerate corrosion when
concentrations fall below minimum limits. This kind of problem is not encountered
in the case of cathodic inhibitors (Figure 3).
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Figure 2.
Effect of addition of the cathodic inhibitor.
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Figure 3.
Effect of addition of the anodic inhibitor.
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Mixed inhibitors can decrease the cathodic and anodic reaction rates at the same
time because they affect the oxidation and reduction reaction, with little change
in the corrosion potential (less than 85 mV around the corrosion potential) [6]
(Figure 4).

3.1.1 Action mode of the corrosion inhibitors in liquid phase

Each type of inhibitor is characterized by its action mode: adsorption, barrier,
reinforcing of the oxide layer, passivation, and formed insoluble complex.

In the case of the interposition of a barrier between the metal and the corrosive
medium, which is essential in acidic backgrounds, the role of adsorption of the
compounds on the surface is essential.

The reinforcement of a pre-existing barrier, in general the oxide or hydroxide
layer formed naturally in a neutral or alkaline medium, may consist of an extension
of the oxide to the surface or of the precipitation of salts with weak places of the
oxide, these salts being corrosive agents.

The formation of the barrier by interaction between the inhibitor and one or
more species of the corrosive medium is a type of mechanism which is also specific
for neutral or alkaline media.

Obviously, taking into these general notions, the mechanism of action of an
inhibitor can be considered under two aspects: a mechanistic aspect (intervention
in the fundamental corrosion processes) and a morphological aspect (interven-
tion of the inhibitory molecule in the interfacial structure). It is also clear that the
mechanism of action will differentiate strongly depending on the pH characteristics
of the medium.

3.2 Gas phase: volatile corrosion inhibitors

Volatile corrosion inhibitor is referred to as gas molecules used as a corrosion
inhibitor; they are intended for the temporary protection of metallic materials
placed in the atmosphere, essentially in storage or transport condition. Their
use is made either in the form of wrapping papers impregnated with product
or in the form of powder or by spraying with a solution (volatile solvent) [8]
(Figure 5).

Vapor phase inhibitors (VPI) or volatile corrosion inhibitors (VCI) are
low nitrogen base salts (cyclohexylamine, dicyclohexylamine, guanidine),
and weak acids (nitrous acid, carbonic acid, benzoic acid). The organic part
ensures volatility and a certain protective power, and the inorganic part adjusts
the volatility, which must correspond to vapor pressures between 10™* and

107 mmHg at room temperature, and ensures the supply of groups of protectors
(Ph-COO-...).
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Figures.
Volatile corrosion inhibitor mechanism.

The inhibitor molecules acts by different ways; they are transported or dissoci-
ated on the metal surface to ensure an excellent protection by:

* pH effect
* Adsorption leading to hydrophobization of the surface

* Effect on electrochemical processes, essentially on the anodic process:
blocking of sites or passivation

The adsorption is more of a chemical type, and the molecule is difficult to
remove afterwards. Despite this, the protective action is only maintained if the
source of the inhibitor is itself maintained in the immediate environment of the
metal surface.

4, Particular inhibitor

The molecule inhibitors have three areas of application which are in particular
important for the use of these products: the petroleum industry, water treatment,
and pickling/cleaning of metals. Other applications exist for inhibitors, which
involve then more specific formulations, which will be described in the following.

4.1 Inhibitors for coating

These are essentially the inhibitors added to the paints.

The incorporation of a pigment having inhibitory properties in the coating
primer provides most of the corrosion resistance provided by the coating. There
are two types of pigments: the active inhibitor pigment and the inactive inhibitor
pigment.

The active inhibitor pigments, partially soluble in water, exist on the surface metal
under the coating, providing active protection of the metal [9].
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At the same time, it helps maintain an optimal ratio between the pigment vol-
ume concentration and the critical pigment volume concentration that means the
film is not too compact to avoid blistering nor too loose to prevent the penetration
of aggressive ions (Cl7).

¢ Main inhibitors used
o Zinc-based formulations include:

o Zinc powder, which provides cathodic protection of the steel coated, pro-
vided that the dry extract is greater than 92% of the mass paint.

o Zinc chromate, used because of its solubility in water; very effective in
paints on aluminum, as well as strontium chromate.

o Lead-based formulations include:

o Lead powder, whose mode of action is complex and passing probably by
modifying the pH of the aqueous medium on contact paint (alkalization)
and metal and reverse polarity between iron and lead, explaining cathodic
protection of the ferrous material.

o Lead oxide Pb;O,, many mechanisms of action are proposed: formation of
mixed protective layers of PbO oxide corrosion products, formation of soaps
with constituents of paint, etc.

The inactive inhibitor pigments are essentially iron oxides, natural or synthetic,
whose role is only to adjust the pigment volume concentration around the critical
concentration.

5. Inhibitors for industrial section

Although their use could theoretically be envisaged in most cases of corrosion
(with, as main limitations, too large volume of the corrosive medium or the possible
impossibility of incorporating additives therein), inhibitors have several traditional
application fields [10]:

* Water treatment (sanitary water, industrial process water, boiler water, etc.).

* Petroleum industry: drilling, extraction, refining, storage, and transport; at
all stages of this industry, the use of corrosion inhibitors is essential for the
safeguarding of installations.

» Temporary protection of metals, whether during acid pickling and cleaning
of installations or storage in the atmosphere (volatile inhibitors, incorporation
into oils and greases for temporary protection) or for the treatment of cutting
oils.

* Paint industry on metals where the inhibitors are additives ensuring the
anticorrosion protection of metals.
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6. Green corrosion inhibitors (GCI)

GClI is the molecule extract from plants; it has a double effect because it has a
good ability to protect the metals and no negative effect on the environment at the
same time.

In the last few years, the researcher community had oriented to inhibitors
extracted from plants such as essential and vegetable oil, flavonoids, coumarins,
steroids, terpenoids, and condensed tannins. These substances are excellent inhibi-
tors because they contain heteroatoms such asan N, O, P, and S. The free electrons
on the heteroatoms form bonds with the electrons on the metal surface. Some atoms
in water ionize to release a proton; thus, the now negatively charged heteroatom
helps to free an electron on the heteroatom and forms a stronger bond with the
metallic electrons. These properties confer them good inhibition properties.

The following table summarized some green inhibitors used for corrosion
inhibition of steels, steel alloys, aluminums, aluminum alloys, and other metals and
alloys (Table1).

Metal Inhibitor source Active ingredient References
Steel Tamarind [11]

Steel Tea leaves [12]

Steel Eucalyptus oil Monomtrene 1,8-cineole [13]
C-steel, Lawsonia extract (henna) Lawsone (2-hydroxy-1,4- [14]

Ni, Zn napthoquinone resin and tannin,

coumarine, Gallic, acid, and sterols)

Mild steel Gum exudate Hexuronic acid, neutral sugar residues, [15]
volatile monoterpenes, canaric and
related triterpene acids, reducing and
nonreducing sugars

Mild steel Garcinia kola seed Primary and secondary amines [16]
Unsaturated fatty acids and biflavnone

Steel Aloe leaves [17]
Steel Mango/orange peels [18]
Steel Hibiscus sabdariffa (Calyx Molecular protonated organic species [19]
extract) in 1 M H,SO, and in the extract. Ascorbic acid, amino
2 M HCl solutions, stock acids, flavonoids, Pigments and
10-50% carotene
Al-Mg alloy Aqueous extract of Catechin [20]

Rosmarinus officinalis—
neutral phenol subfraction

of the aqueous extract
Al Opuntia (modified stems Polysaccharide (mucilage and pectin) [21]
cladodes)
Zn Metal chelates of citric acid [22]
Zn Onion juice S-containing acids (glutamyl peptides) [23]
S-(1-propenyl) L-cysteine sulfoxide,
and S-2-carboxypropyl glutathione
Sn Natural honey (acacia [24]
chestnut)
Sn Black radish [25]

Table 1.
Green inhibitors used for corrosion inhibition of steel, steel alloys, aluminum, aluminum alloys, and other
metals and alloys.
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7. Green corrosion inhibitor study

In this part, we will present a study of a green corrosion inhibitor using a formu-
lation prepared based on the Ceratonia siliqgua L. seed oil noted FCSL in simulated
acid rain solution with pH equal to 3.6. This medium is simulated to acid rain in
urban zone [26].

The inhibition effect was evaluated using the electrochemical measurement
such as polarization curves and spectroscopy impedance. The electrode surface was
characterized by SEM/EDS.

7.1 Open circuit potential

The results of the open circuit potential (OCP) variation of the iron substrate
in acidic solution in the presence and in the absence of FCSL are reported in
Figure 6.

The results show that in the absence of FCSL, the potential tends to stabilize
at —0.51V, after 20 min.

The addition of the FCSL formulation leads to a shift in the corrosion potential
to a positive direction. This important shift of corrosion potential may indicate an
important anodic inhibiting effect of FCSL.

7.2 Potentiodynamic curves

The polarization studies of iron were carried out in acid rain solution both in the
absence and in the presence of the FCSL formulation.

All of these curves were obtained after 30 min of immersion time of the elec-
trode in electrolytic solution after performing the automatic ohmic drop compensa-
tion (ZIR).

The cathodic and anodic polarization curves of iron in simulated acid rain
solution with and without various inhibition concentrations are reported in
Figure7.
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Figure 6.
Variation of the open circuit potential (OCP) of the iron substvate in acidic solution with and without the
FCSL formulation.
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Potentiodynamic polarization curves of the ivon in acid vain solution with and without various inhibition
concentrations in the cathodic domain (a) and in the anodic domain (b).

7.2.1 The cathodic polarization

In absence of the inhibitor (Figure 7a), the corrosion current increases rapidly
with the cathodic overvoltage until the potential value of —0.8 V/SCE; for more
negative potential values, a pseudo-plateau appears in 0.4 mA/cm?, which can
be attributed to the oxygen diffusion process, so the cathodic reaction can be
expressed in the following equation:

2H,0 + O, + 4e” - 40H" 1)

In the cathodic process, the important factor that must be considered is the mass
transport [24].

The adding of the formulation to the corrosive solution is accompanied by both a
shift of corrosion potential E.,, toward a more positive potential and a decrease
of the current density I, with the disappearance of the diffusion plateau,
obtained in the case of the blank solution, in the presence of the FCSL formulation.
We observe the formation of the film on the area, which hinders the diffusion of
dissolved oxygen toward the electrode surface.

7.2.2 The anodic polarization

Fe - Fe** + 2¢” ()

This behavior is associated with the presence of chloride in solution. The anodic
reaction can be expressed by the following equation:

According to Figure 7b in the presence of the FCSL formulation, the current
density decreases significantly with the presence of the inhibitor. Furthermore,
the corrosion potential displayed more positive values, and also the value of the
corrosion current density I, reduced from 74.9 mA cm ™2 in the absence of
the inhibitor to 1.0 mA cm ™ in the presence of the inhibitor. So in less than 75
times, then we observe the appearance of a current plateau in a wide potential
range.

The inhibition efficiency (% IE) was calculated using the following relation and
its value of 98.6%:

Ew) =7 -18", 100 3)

-CorT

10
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The corresponding current plateau value is in the order of 0.03 mA cm™ in the
case of the FSCL formulation. This may indicate that the iron surface is protected
by the inhibitor; this protection may be attributed to a passivity of iron substrate
resulting from the formation of inhibitor film on the iron electrode surface. Thus
results were observed by other authors [27].

From this result, we can conclude that the FSCL formulation is a mixed-type
inhibitor that acts by decreasing the current density in both the cathodic and the
anodic domains and making the corrosion potential become more anodic.

This good inhibiting effect of the FSCL formulation may be related to the
adsorption on the electrode surface by the establishment of a barrier film.

7.3 Electrochemical impedance spectroscopy

The impedance diagrams in Nyquist and Bode plots in the absence and in the
presence of the FCSL at 293 K are represented in Figure 8.

In the case of the blank solution, as shown in Figure 8, we noted the two capac-
ity loops in the high frequencies and the inductive loop at low frequencies. This
inductive effect may be due to the desorption of the H" ions and salt ions present
in the solution or to the redissolution of the passivity surface [26]. In effect, this
inductive loop disappeared with the addition of the inhibitor. The same behavior
has been observed by other authors [27].

As shown in Figure 8, in the presence of the FCSL formulation, the size of the
loops are bigger than in the case of the blank. Indeed, the polarization resistances
pass from 380 Q cm” in the case of blank to 14,080 Q cm” in the presence of
inhibitor.

The inhibition efficiency (% IE) was calculated using the following relation and
its value of 97.3%:
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Nyquist and Bode impedance plots of the ivon electrode in acidic solution with and without the FCSL.
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We noted also a decrease in the electrolyte resistance which may be explicated by
the presence of the ionized substances in the formulation.

We can be ascribed to the following contributions. The high-frequency contri-
bution (Cg, Rf) can be attributed to the dielectric character due to the formation
of the film on the iron surface in presence of the inhibitor. The low-frequency
contribution can be attributed to the double-layer capacitance (Cq) at the elec-
trolyte/iron interface at the bottom of the pores coupled with the charge transfer
resistance (R;) [10].

7.4 Surface analysis

The aim of the surface analysis by SEM coupled with the EDX used in this study
is firstly to check the hypothesis of the formation of the inhibitor on the electrode
surface and secondly to verify its protective qualities against iron corrosion.

Figures 9 and 10 show the area of the substrate of iron with and without the
FCSL formulation after 24 h of immersion time in the acidic solution.

In the absence of the FSCL formulation (Figure 9), the SEM examination pro-
vides that the metallic surface be heavily attacked by the corrosive ions. The EDX
spectrum reported in Figure 9 showed the characteristic peaks of the specimen and
marked the presence of oxygen atoms.

Also in the case of the presence the FSCL formulation (Figure 10), in the
addition of the optimal concentration of the FSCL formulation into the corrosion

T W)

s
Enargy eV}

Figure 9.
SEM micrograph and EDS spectrum of the iron substrate in corrosive solution after 24 h of immersion time in
the absence of the FCSL formulation.
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Figure 10.
SEM micrograph and EDX spectrum of the iron substrate in acidic solution after 24 h of immersion time in the
presence of the FCSL formulation.
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solution, a smooth surface noted could explain the good protection effect of the
inhibitor by a formation of the film. As confirmed by the EDX spectrum, a very low
content of oxygen species is revealed.
8. Conclusion

Corrosion is one of the most destructive phenomena that can affect metallic
pieces. Through this work, we present one of the most used method to protect the
metals: the corrosion inhibitor. In addition, we present a case study using a green
corrosion inhibitor prepared from the oil of Ceratonia siliqua L. seeds.
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Chapter 3

Introduction of Inhibitors,
Mechanism and Application for
Protection of Steel Reinforcement
Corrosion in Concrete

Anil Kumar

Abstract

The corrosion of steel reinforcement in concrete due to environmental factors
has been studied through numerous approaches and the reduction of corrosion has
been managed by various methods; however, among the protection techniques,
the use of corrosion inhibitors has gained encouragement. In this chapter, nitrites
and nitrates of sodium and calcium and sodium molybdates and sodium tungstates
(oxyanions of group VI) were studied and have gained sufficient scientific cover-
age. However, their exact role of inhibition was studied by simple polarization
technique. In this chapter, we compare the inhibitive efficiency of nitrites and
nitrates of sodium and calcium and also that of molybdates and tungstates. The
results, however, indicate that among nitrites and nitrates, the calcium salts are
more efficient and molybdates and tungstates are comparable in their inhibitive
efficacy.

Keywords: corrosion, steel reinforcement, inhibitors, polarization, mechanism, I,

1. Introduction

Corrosion is the destructive attack upon a metal by its environment and
it is an electrochemical phenomenon. Most common examples of corrosion
include the rusting of iron and steel, tarnishing of silver and copper, blistering
and bubbling of chromium plating and paintwork on cars, discharge of rust-
coloured water from domestic taps and seizure of nuts and bolts. Corrosion
leads to weakening of metal structures, failure of plant and pollution of
process liquors. It is necessary to understand the basic principles of corrosion
before taking appropriate preventative or protective measures. The various
efforts towards reducing corrosion of metals can be grouped into the follow-
ing: modification of bulk alloys, modification of environments and surface
modifications. Here, in this chapter, we discuss the modification of environ-
ments by adding small concentration of inhibitors. An inhibitor is a chemical
substance that inhibits or effectively decreases the corrosion rate. It can be
understand by Figure 1, I.,,,. decreases with inhibitors in comparison to with-
out inhibitors.
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Figure 1.
Polarization diagram for steel corroding in pickling acid with and without inhibitor.

2. Types of inhibitors
There are several classes of inhibitors designated as follows:
2.1 Passivators

Passivators are usually inorganic oxidizing substances that passivate the metal and
shift the corrosion potential several tenths of a volts in the noble direction, in which
the metal reacts with inhibitors to form inhibiting layer or film on the metal surface.
The following inhibitors act as passivators: chromates, nitrates, molybdates etc.

2.2 Non-passivating inhibitors

These include inhibitors such as the pickling inhibitors, which are usually
organic substances that have only slight effect on the corrosion potential, chang-
ing it either in the noble or active direction usually by not more than a few milli
or centivolts. They form an absorbed monolayer thickness on the metal surface,
which essentially blocks the discharge of H* and dissolution of metals ions. Some
inhibitors block the cathodic reaction (raise hydrogen overvoltage) more than
the anodic reaction or vice versa; but adsorption appears to be generally over the
whole surface rather than at specific anodic or cathodic sites, and both reactions
tend to be retarded. Hence, on addition of an inhibitor to an acid, the corrosion
potential of steel is not greatly altered (<0.1 V), although the corrosion rate may
be appreciably reduced as shown in Figure 1. Generally, polar group compounds
serve as pickling inhibitors. These include the organic nitrogen, amine, S and OH
groups’ compound. The size, orientation, shape and electric charge of the mol-
ecule play a part in the effectiveness of inhibition. Whether a compound adsorbs
on a given metal and the relative strength of the adsorbed bond often depend
on factors such as surface charge of metal. For inhibitors that adsorb better at
increasingly active potentials as measured from the point of so-called zero surface
charge (potential of minimum ionic adsorption), cathodic polarization in the
presence of the inhibitor provides better protection than either the equivalent
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cathodic protection or use of an inhibitor alone. This was demonstrated by
Antropov for iron and zinc in sulphuric acid containing various organic inhibitors.
In general the passive-type inhibitors reduce corrosion rate to very low values,
being more efficient in this regard than most of the non-passivating types. They
represent, therefore, the best inhibitors available for certain metal-environment
combinations.

2.3 Slushing compounds inhibitors

Slushing compounds are used to protect steel surface temporarily from rusting
during shipment or storage. They consist of oil, greases or waxes that contain small
amounts of organic additives. The additives are polar compounds that absorb on the
metal surface in the form of a closely packed oriented layer. Organic amines, zinc
naphthenate, various oxidation products of petroleum, alkali and alkaline earth
metal salts of sulphonate oils, and various other compounds were used as additive
for slushing compound.

2.4 Vapour-phase inhibitors

Vapour phase inhibitors are basically soluble film-forming inhibitors, such
as nitrites, benzoates or carbonates, which are attached to a large organic cation.
The large organic cation functions as a parachute or umbrella for the organic
cation and the inorganic anion will provide the molecule with a vapour pressure
that will lie within the range of 0.1-1.0 mm mercury (at ambient temperatures).
Through this, the inhibitor will slowly evaporate and provide an adequate supply
of inhibitor at the metal surface for protection if required, but the evaporation
rate will not be so fast that the inhibitor is lost in too short a time. It moisture
condenses on the metal surface, the vapour phase inhibitor will dissolve and the
concentration of inhibitive anions will be sufficient to ensure passivation of the
metal. It is possible, however, that there is conjoint action between the passivating
anion inhibitor and some form of adsorption inhibition by the organic cation, the
latter being assisted by anions such as chloride or sulphate shifting the corrosion
potential to move negative values. They are used to protect critical machine parts
(e.g., ball bearing or other manufactured steel articles) temporarily against rusting
by moisture during shipping or storage. It appears to be one of adsorbed film
formation on the metal surface that provides protection against water or oxygen, or
both. In the case of volatile nitrites, the inhibitor may also supply a certain amount
of NO,™, which passivates the surface. Examples of vapour-phase inhibitors are
dicyclohexylammonium nitrite, cyclohexylamine and ethanolamine carbonate.
Dicyclohexylammonium nitrite has been one of the most effective of the vapour-
phase inhibitors for corrosion of steel for a period of years. This substance is white
crystalline, almost odorless and relatively non-toxic. It has a vapour pressure of
0.0001 mm of Hg at 21 C (70’ F), which is about one-tenth the vapour pressure of
mercury itself. One gram saturates about 550 m’ of air, rendering the air relatively
noncorrosive to steel. However, it should be used with caution in contact with
non-ferrous metals. In particular, corrosion of zinc, magnesium and cadmium is
accelerated. Cyclohexylamine carbonate has a somewhat higher vapour pressure of
0.4 mm Hg at 25'C and its vapour also effectively inhibits steel. The higher vapour
pressure provides more rapid inhibition of steel surfaces either during packaging
or on opening and again closing a package, during which time concentration of
vapour may fall below that required for protection. The vapour reduces the corro-
sion of aluminium, solder and zinc but it has no inhibition effect on cadmium and
it increases corrosion of copper, brass and magnesium. Copper dipped in 0.25%
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benzotriazole in water at 60°C for 2 min forms a thin adsorbed film that protects
the metal against subsequent tarnish in the atmosphere, which acts as a diffusion
barrier known as inhibitor to tarnishing of copper. It is also effective for brasses
and for nickel-silver (zinc-nickel alloys).

The overall inhibitors may be classified on their nature as follows:

1. Type A: Substances that form an inhibiting layer or film on the metal, that is
passivation of metal. Type A inhibitors may be subdivided as follows:

i. Type IA: Inhibitors that that reduce the corrosion rate but do not com-
pletely prevent corrosion, for example pickling inhibitors (Figure 2).

ii. Type ITA: Inhibitors that delay the onset of corrosion for long periods
so that the metal has a temporary immunity to corrosion, for example,
benzotriazole for copper (Figure 3).

iii. Type IIIA: Passivating inhibitors, which result in the formation of passive
films on the metal surface, the films generally being an oxide or an insolu-
ble salt of the metal, for example, NaNO2, phosphates and chromates for
steel, sulphates for lead (Figure 4).

2. Type B: Substances that reduce the aggressiveness of the environment, which
may be subdivided as follows:

i. Type IB: Inhibitors that retard the corrosion process but do not completely
prevent it.

ii. Type IIB: Inhibitors that incubate corrosion by reacting with substances
that produce corrosion in a given environment, for example, organic
amines, which ‘neutralize’ organic acid in oils and emulsion. In another
way, it may be divided into two types of corrosion inhibitors:

a.Organic inhibitors: Inhibitors of Type IA, IIA and IIB are organic
compounds and

b.Inorganic inhibitors: Inhibitors of Type IIIA and IB are inorganic
compounds.

CORROSION
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Figure 2.
Effect of type IA inhibitors on corrosion.
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Incubation of corrosion by type IIA inhibitors.
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Figure 4.
Effect of passivating type 1IIA inhibitors on corrosion.

2.5 Mechanism of inhibitors

Inhibitors act as depolarizers, when metal surface comes in contact with pas-
sivators. In this case, they initiate high current densities at residual anodic areas,
which exceed i yitical for passivation as shown in Figure 2. Generally, those sub-
stances are oxidizing agents with redox potentials that are nobler than that of the
metal and they are readily reduced, resulting in a very high cathodic current density
and consequently a high anodic current density, which is greater than the critical
current density. Consequently, the metal will passivate after a short initial period of
dissolution. Ions such as sulphates and chlorides do not passivate iron since they are
not easily reduced and nitrates are poor passivating agents since they, too, are only
sluggishly reduced (Figure 2).

Only those ions can serve as passivators that have both an oxidizing capacity
in the thermodynamic sensor (noble oxidation reduction potential) and that are
readily reduced with shallow cathodic polarization curve (Figure 5). Passivating
agents are reduced at cathodic areas at a current density equivalent to that at the
anodic areas, which is itself greater than the critical current density of the metal
such that passivation of the metal occurs. For the optimum inhibition of corrosion,
that is complete passivation of the metal surface, the inhibitor concentration must
be greater than a critical concentration. This critical concentration varies with the
type of inhibitor but it is generally within the range of 107 to 107> M; but it will
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Polarization curves that show the effect of passivator concentration on corrosion of iron. An oxidizing substance
that reduces sluggishly does not induce passivity (dotted cathodic polarization curve).

be greater in the presence of high hydrogen ion or chloride ion concentrations and
at elevation temperatures. If the inhibitor concentration lies below the critical
level, incomplete passivation is found and the passivator can function as an active
depolarizer at other (unpassivated) areas such that increased corrosion rates are
observed in localized areas, that is, pitting occurs. Thus, as the inhibitor falls below
the critical concentration, either through consumption of the inhibitor or through
inadequate or though inadequate dosing in stagnant areas, the more active redox
potential of the inhibitor results in cathodic polarization curves that intersect

the anodic polarization curve within the active region (Figure 5). Generally, the
cathodic areas are larger than the anodic areas so that passivity becomes established
on the metal surface. The passive areas become noble to adjacent areas and passiv-
ity spreads over the entire metal surface. Once passivity of the entire metal surface
is established, the whole surface functions as a cathode and further reduction

of the passivator is very slow and only a small or residual passive current flow is
found. This low current flow is that required for passivator reduction correspond-
ing to slow chemical dissolution of the passive film by its environment. Indirect
passivators or the so-called cathodic inhibitors have a different mechanism for
inhibition. These substances, for example, sodium hydroxide, phosphate, silicate
or borate, result in passivation of metals such as iron by facilitating the adsorption
of oxygen. With these inhibitors, there is both anion adsorption and reaction with
the inhibitor such that a film covering the metal surface is formed. In general, the
corrosion (or open-circuit) potential falls to more active or base values (as opposed
to the more noble E,,, values found with true passivators). These substances are,
however, less efficient as inhibitors and the protective power is rarely greater than
80-90%. Hence, there is no single mechanism of inhibitors. Passivators form film
on the metal surface or selectively adsorbed on to a active anodic or cathodic sites
on the surface. This adsorption, even in the absence of metal-inhibitor chemical
interactions, results in polarization of the anodic and/or cathodic reaction so that
corrosion is retarded or inhibited. Benzotriazole inhibitors incubate corrosion by
forming a chelate-type of reaction product with the copper metal. Then corrosion is
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retarded or even prevented as long as the chelate was present on the metal. Pickling
inhibitors are those that are adsorbed on to the metal and ultimately form a layer of
chemisorbed material by interaction with the metal. The effectiveness of inhibitor
depends on the nature of the film, rather than its thickness. Non-specific adsorp-
tion of ions or molecules that can form ions, on a metal surface, is dependent upon
the surface charge on the metal. At the point of zero charge (ZPC), which for mer-
cury is the point at which it exhibits maximum surface tension or shows an electro
capillary maximum, the metal is uncharged. Clearly, at the ZPC, adsorption of both
ions and molecules on to the metal surface can occur. When adsorption occurs, the
electro capillary maximum is reduced or depressed and ions or molecules that are
absorbed and depress the capillary are known as capillary-active agents. Capillary-
active anions are adsorbed at potentials positive to (i.e., cathodic to) the ZPC while
cations are adsorbed at potentials negative to (or anodic to) the ZPC. When such
adsorption occurs, the ZPC is shifted, in the case of anions, to slightly more nega-
tive values, and the potential shift is known as a theta potential. For inhibition by
anions to occur, the potential of a metal surface must be held positive to the ZPC,
that is the metal is positively charged, and this generally occurs during corrosion

of the metal in acid solutions. In neutral or basic media, an additional agent such

as oxygen is generally required to maintain the metal corrosion potential positive

to the ZPC. Organic amines and heterocyclic compounds will be able to absorb

on to the corroding iron surface in hydrochloric acid solutions since the corrosion
potential is positive or cathodic to the ZPC. Steric effects, for example, the size

and shape of the molecule forming the anion as well as the shift in ZPC produced
by the absorption process, will determine the effectiveness of the inhibitor on the
corrosion rate. Cation-forming molecules, for example, many organic sulphur
compounds, as well as the surface-active or wetting agent will have no effect on
corrosion because they are not adsorbed at potentials cathodic to ZPC. In sulphuric
acid solutions, however, sulphur compounds are effective inhibitors because iron
becomes negatively charged in H,SOy, that is, its corrosion potential is negative

(on anodic) to ZPC. Many inhibitive anions, even those that ‘passivate’ the metal
surface, must be absorbed on to the metal surface before metal passivation can
occur. Benzoates will not passivate iron unless the corrosion potential is cathodic to
ZPC; for this to occur, oxygen must be present in solution and, in fact, benzoates are
poor inhibitors for iron in deaerated solution. In alkaline solutions, the presence of
OH ions (pH 6.5 or higher) assists adsorption of benzoate and it is possible that the
so-called synergistic effect of nitrite ions with benzoate ions with may be due to the
capillary-active behavior of the nitrile ion. Benzoates do not inhibit iron corrosion
in acid solutions since the cathodic reaction is predominantly hydrogen evolution
and no hydroxyl ions are released at the cathodic sites to assist benzoate adsorption.

2.6 Effect of inhibitor concentration

In general, corrosion rates decrease by increase in inhibitor concentration. Their
plot is a mirror image of adsorption isotherms for the most organic inhibitors. It is
shown in Figure 6. But in specific conditions, there appears to be a limiting corro-
sion rate even in the presence of large amount of inhibitor (Figure 7). This effect
is most common with pickling inhibitors and the increase in corrosion rate often
occurs at levels above 1-2% inhibitor. The cause of this phenomenon may be is
ascribed to the ability of many organic substances, when present at relatively high
concentration in solution, to function as hydrogen acceptors and so depolarize the
cathodic reaction, for example, aliphatic aldehydes in acid solution. This increase
in attack is found with substances that cannot accept hydrogen, that is, there is no
overt depolarizing action.
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When two inhibitors are present in solution, it is rare that there is a simple addi-
tive effect of the combined protection power. In fact, three different effects can be
observed when inhibitors are mixed (Figure 8).

Additive effect was found with similar structures and chemical properties of
substance, for example, formaldehyde and acetaldehyde when used for steel in acid
solution. It should also be noted that only very rarely do two inhibitors have the
same retarding efficiency, R, for the same corrosion reaction.

Retardation efficiency (or coefficient) R = P,/P.

And protective power P = P, - P/P x 100 %.

where P and P, are the corrosion rates of the metal in the given medium with and
without inhibitor respectively.
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Figure 8.
Effect of mixtures of inhibitors on the vetardation efficiency R of a corrosion reaction.

Clearly,R = 100/100 - P.

Synergism is the term applied to the marked reinforcement of the inhibiting
action of one inhibitor by the addition of small amount of a second inhibitor, even
though the second inhibitor is less effective when used alone. The retardation
efficiency of the combination of inhibitors is considerably greater than a simple
additive effect of the separate R value. An example is the effect of small addition of
furfuralimine to formaldehyde for steel in sulphuric acid. The third effect that may
be found for mixtures of inhibitors is antagonism or the mutual weakening of the
inhibitive efficiency so that the retardation efficiency is lower (i.e., the corrosion
rate is greater) for the mixture than for either substance alone. This effect is most
common when there appears to be some form of chemical interaction between the
two inhibitors. A typical example is the reduced efficiency of inhibition of steel in
hydrochloric acid in the combined presence of antinomy chloride and aniline.

3. Application of inhibitors
3.1 Role of sodium nitrite inhibitor in rebar corrosion

In ideal situation, reinforcement concrete rebar corrosion was not happening
but in actual situation the pore water may always be contaminated with different
amounts of aggressive ions. This situation can be reproduced by the addition of
3.5% NaCl in the test solution (pore solution), with NaNO, (1, 2, 3, 4 and 5%) as
inhibitor. Figure 9 shows the polarization of rebar in pore solution +3.5% NaCl
and various amounts (1, 2, 3, 4 and 5%) of NaNO,. This figure shows the shift of
potential of rebar in the positive direction in test solution (pore solution +3.5%
NaCl) with addition of NaNO, (1-5%). This positive trend is due to rebuilding of
rebar surface (rebuilding after local failure of oxide film by Cl”) with the addition
of NaNO,. This is also indicative in Figure 10, where the corrosion current decreases
with the addition of NaNO,, and in Figure 11 where the corrosion potential moves
towards positive direction with the incremental addition of NaNO,.

The addition of NaNO, in the experimental solution (PS + 3.5% NaCl) caused
shift of both the anodic and cathodic curves towards positive direction as shown
in Figure 11. Movement of polarization curves towards positive direction is

indicative of the fact that the addition of NaNO, causes reduction in the rate of

corrosion [1].
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3.2 Role of sodium nitrate (NaNO;) inhibitor in rebar corrosion

Use of sodium nitrate (NaNOj3) as corrosion inhibitor has been in practice since
recent past. In the present study, the rebar sample was exposed to pore solution con-
taining 3.5% NaCl with further addition of 1-5% NaNOs. The polarization diagram

has been shown in Figures 12 and 13.
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The .o and Ec,, values of polarization are shown separately in Figures 14
and 15. The E.,,, value with the addition of NaNO; increases in the positive
direction and I, decreases continuously. A comparison of I, values obtained
in NaNO, and NaNO; are given in Table 1, which indicates better performance of
NaNO; (i.e., continuous decrease in I..,, values) in the ranges studied.

The I, values for rebar in pore solution containing various % of NaNO, and
NaNO; as shown in Table 1 indicate that NaNO; shows better inhibitive efficiency
than NaNO, [1]. This can be attributed to the fact that three moles of ferrousion is
oxidized to ferric ion per mole of nitrate as shown in Egs. (1) and (2).

2Fe (OH); (s) + NO3™ + H,O - 2Fe (OH); (s) + NO;~ 1)

Fe (OH), (s) + NO, + H,O = Fe (OH); (s) + NO + OH" )
3.3 Role of calcium nitrite inhibitor in rebar corrosion

Calcium nitrite is most widely used corrosion inhibitor for the protection of steel
reinforcement corrosion in concrete. Here, similar conditions were used by addition
of 3.5% NaCl in the test solution (pore solution), with Ca (NaNO,), (1, 2, 3, 4 and
5%) as inhibitor. Figure 15 shows the polarization of rebar in pore solution contain-
ing 3.5% NaCl and various amounts of Ca (NO,),.

From the above results, the I, and E,,, values have been calculated. The value
of I.orr decreases continuously with the increase in the % of Ca (NO,), and the value
of Eorr moves towards positive direction with the increase in Ca (NO,), content [1].
Both the above data are suggestive of continuous inhibition by increase in Ca (NO,),
content because of the formation of passive oxide file on the metal surface. Actually
in presence of chlorides, the nitrite ‘competes’ with both the chloride and hydroxide
ion for the free Fe’* ions. Over time, nitrite and/or an alkaline environment free of
chlorides will reduce the number of flaws in the protective film and thus decrease
the number of available sites from which chloride complexes may formed [2, 3].

3.4 Role of calcium nitrate inhibitor in rebar corrosion

Polarization diagram for rebar dipped in pore solution +3.5% NaCl + varying
amounts (1-5%) of calcium nitrate Ca (NOs), is shown in Figure 16.
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564 Ecorr data from Fig. 16
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Figure 14.
E o for vebar in pore solution containing 3.5% NaCl and various NaNO; concentrations.
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Figure 15.
Polarization of rebar in pore solution containing 3.5% NaCl and various Ca (NO,), concentrations.

Inhibitor Leorr (A Jem?)
1% 2% 3% 4% 5%
NaNO, 2.03 1.88 1.76 1.60 140
NaNO; 192 1.85 172 1.57 133
Table 1.

Loy values of rebar in PS containing 3.5% NaCl and various % of NaNO, and NaNO;,

Figure 16 shows that the nature of protection of the calcium nitrate is compa-
rable to that of calcium nitrite. A comparison of I, values of calcium nitrite and
calcium nitrate as shown in Table 2 indicates that calcium nitrate offers better
inhibition within the range studied [1].

3.5 Role of sodium molybdate inhibitor in rebar corrosion

Sodium molybdate is a non-toxic [4], environment-friendly anodic corrosion
inhibitor [5, 6]. It is highly effective in protecting steel reinforcement corrosion in
concrete [7] and steel corrosion in saturated calcium hydroxide [8]. In actual situa-
tion the pore water in concrete may always be contaminated with different amounts
of aggressive ions such as chloride. This situation can be represented by addition of
3.5% NaCl in the test solution (pore solution), with Na,MoO,4 (107, 10715, 10729,
1072°, 1072, 10%3 and 10~*° M) as inhibitor. Figure 17 shows the polarization
of rebar in pore solution containing 3.5% NaCl and different concentrations of
Na,MoO,.
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Figure 16.
Polarization of rebar in pore solution containing 3.5% NaCl and different Ca (NO,), concentrations.

Inhibitor Leorr (uA/cmz)
1% 2% 3% 4% 5%
Ca(NO,), 193 1.81 171 1.58 131
Ca(NOs), 1.88 179 1.66 1.51 1.24
Table 2.

Loy values of rebar in PS containing 3.5% NaCl and different % of CaNO, and CaNO;,

From the above results, the I, and E.,,, values have been calculated. The I,
decreases continuously with the increase in the molar concentration of Na,MoO,
and the value of E,,, moved towards positive direction with the increase in
Na,MoO, content [9]. Both the above data are suggestive of continuous inhibi-
tion by increase in Na,MoO, content. This can be attributed to the formation of a
hydrated mixed oxide film, which provides a barrier for anodic dissolution [10, 11].
In fact a non-protective ferrous (Fe’*)-molybdate complex is initially formed and
is subsequently oxidized in the presence of oxygen [12]. The resulting ferric (Fe*)-
molybdate complex is insoluble and increases the stability of the Fe,0; films that
develop over the active corroding sites [13]. Further, the MoO,”” ions adsorb on the
outermost part of the hydrated oxide layer (by ion exchange mechanism), thereby
imparting a negative charge on the surface [14]. This leads to a barrier effect that
impedes both the ingress of Cl™ ion to the underlying substrate and the transport of
Fe™* away from the surface [13].
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Figure 17.
Polarization of rebar (steel) in pore solution containing 3.5% NaCl and different concentrations of Na,MoO,,

3.6 Role of sodium tungstate inhibitor in rebar corrosion

Tungstates are very efficient corrosion inhibitor in more realistic environments
such as neutral or alkaline solutions containing chlorides, sulphates and some other
ions [15, 16]. Sodium tungstate has been extensively studied in the protection of iron
as an environmentally-friendly anodic-type inorganic corrosion inhibitor [17-20] and
is one of the effective corrosion inhibitors. The situation where pore water may always
be contaminated with different amounts of aggressive ions such as chloride can be rep-
resented by addition of 3.5% NaCl in the test solution (pore solution), with Na,WO,
(109,107,107, 10,10, 10°° and 10*° M) as inhibitor. Figure 18 shows the
polarization of rebar in pore solution containing 3.5% NaCl and different concentra-
tions of Na,WO,, which is almost similar to that in case of Na,MoO, (Figure 17).

From the above results, the I, and E.,, values have been calculated. The value of
Lorr decreases continuously with the increase in the molar concentration of Na,WO,
and the value of E,,, moves towards positive direction with the increase in Na, WO,
content [9]. Both the above data are suggestive of continuous inhibition by increase
in Na,WO, content. This may be attributed to the formation of a hydrated oxide film
that acts a passive layer and provides a barrier for anodic dissolution [21, 22]. In fact
the oxyanions (WO,* ion) adsorb on the outermost part of the hydrated oxide layer,
which leads to a barrier effect that inhibits both the ingress of Cl™ ion to the underly-
ing substrate and the transport of Fe** away from the surface [23].

3.7 Comparative analysis of the inhibition by molybdate and tungstate

Inhibitors, molybdate and tungstate are oxygen-dependent anodic inhibitors
[10-13, 24] in alkaline environment where these oxyanions remain stable and do
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Polarization of rebar (steel) in pore solution containing 3.5% NaCl and different concentrations of Na, WO,

Inhibitor Leorr (A /em?)
107°M 10" M 102°M 10>°M 10*°M 10> M 104°M
Na,MoO, 1.99 191 1.83 1.78 161 1.48 143
Na,WO, 1.98 1.92 1.82 177 1.60 151 141
Table 3.

Loyr values of vebar (steel) in pore solution containing 3.5% NaCl and different molar concentrations of
Na,MoO, and Na,\WO,,

not promote spontaneous passivation in absence of dissolved oxygen [9]. The
mechanism of inhibition involves the formation of a mixed oxide film, which acts

as a barrier for anodic dissolution [13]. This has been reported that both molybdate
and tungstate are comparable in their inhibitive efficiencies in alkaline environment
[24] as obtained in the Figures 17 and 18.

However, the actual comparative performance of the sodium molybdate and
sodium tungstate can be realized better from the I, values as given in Table 3. The
Lorr values indicate that sodium molybdate and sodium tungstate are comparable in
their inhibitive efficiencies; however, the inhibitive performance of sodium tung-
state is slightly better [9].

4. Comparative analysis of the inhibition by nitrites (NO,") and nitrates
(NO3)

Further to the discussion regarding inhibitive role of nitrite [Eqgs. (1) and (2)],
many other [25-27] theories have been put forward, some [28] even claimed that
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nitrite ions readily form complexing agents with Fe**, which are competitive with
CI” complexation, thereby preventing formation of chlorocomplexes (these com-
plexes appeared to be essential components of anodic corrosion processes [29]).
Another proposal [27] explains sacrificial reduction of nitrite to nitrogen with
simultaneous oxidation of ferrous to ferric ion. The formation of FeOOH (or similar
product) has been indicated to decrease ion migration as ferrous/ferric chlorocom-
plexes and thereby stifle iron dissolution. It has been noted [25] that the reduction
mechanism of NO,™ inhibitor does not proceed further to nitric oxide (NO).

The inhibition process of NO;™ may be summarized as: nitrate is reduced to
nitrite [25] by ferrous ion in alkaline environment [pore solution].

2 Fe (OH), (s) + NO3+ H,0 = 2Fe (OH); (s) + NO; 3)

To explain the comparative performance of nitrite and nitrate, it me be summed
up that one mole of NO;™ inhibitor can offer protection equivalent to three moles of
NO,™ inhibitor.

The above strong inhibitive effect of NO;™ has been noted in the present
experiments with sodium and calcium salts, both in terms of potential and
polarization studies.

5. Comparison of effectiveness of calcium and sodium inhibitors

Figure 19 below gives the assorted values of the I, vs. wt % data of sodium
nitrite NaNO,, sodium nitrate NaNO;, calcium nitrite Ca(NO,), and calcium nitrate

5 - —s—NaNO2 NaNO3 Ca(NOZ)Z Ca(NO3)2
Y a,“._‘_“
———
- e
14 -
1.3
12
1% 2% 3% 4% 204

INHIBITOR CONCENTRATION (36W/V)

Figure 19.
Comparison of I, in terms of % m/v of inhibitors.
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Figure 20.
Comparison of I, in terms of molar concentration of inhibitors.
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Ca(NO;),, which gives a comparative performance of sodium and calcium inhibitors.
However, the actual comparative performance of the calcium and sodium inhibitors
can be realized better if the molar concentrations are considered as in Figure 20,
which indicates that for inhibition purpose, increasing the molar content, the
calcium inhibitors become more effective (as marked in vertical dotted line).

6. Conclusion

The present investigation tried to explore types of inhibitors, nature of inhibi-
tors, their mechanism and also to explore whether the simple polarization technique
can be used to compare the efficiency of most prevalent inhibitors, for example,
NaNO, and NaNO; as compared to the corresponding calcium salts and that of oxy-
anions of group VI (molybdate and tungstate) for the inhibition of rebar in concrete.
The findings indicate that performance wise (a) nitrate salts are more efficient than
nitrite salts (sodium and calcium); (b) calcium salts are more effective; (c) further,
it was observed that molar concentration wise calcium salts offer greater efficiency;
and (d) molybdates and tungstates are almost comparable in their inhibitive effi-
ciency in terms of ., values, however, tungstates show comparably better inhibitive
efficiency in protecting steel reinforcement corrosion in concrete.
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Abstract

Organic-inorganic coatings based on poly (methyl methacrylate) (PMMA)-silica
and PMMA-cerium oxide hybrids provide effective and active corrosion protection
of metallic surfaces. For both hybrid materials, the covalent conjugation of inor-
ganic silica or ceria nanodomains with the PMMA matrix, provided by molecular
coupling agents, leads to homogenous and highly cross-linked nanocomposites,
which act in the form of coatings as an efficient diffusion barrier. The addition of
lithium salts (500-2000 ppm) into PMMA-silica hybrid and optimized ceria frac-
tion in PMMA-cerium oxide coatings results in active corrosion inhibition by the
self-healing effect. Results of electrochemical assays of aluminum- and steel-coated
samples, performed in a 3.5% NaCl solution, show an excellent corrosion resistance
(impedance modulus up to 100 GQ cm?) and durability (up to 350 days) of the
10-pm-thick passive barrier layer. Time-of-flight secondary ion mass and X-ray
photoelectron spectroscopies evidenced the self-healing ability of coatings induced
by lithium/cerium ion leaching toward corrosion spots or artificial scratches, which
are restored by a protective layer of precipitated phases. Results presented in this
book chapter evidence the active role of lithium and cerium species in improving
the hybrid structure and providing through self-healing a significantly extended
service life of metallic components.

Keywords: anticorrosion coating, organic-inorganic hybrid, passive and active
protection, corrosion inhibitors, self-healing, AA7075, carbon steel

1. Introduction

The development of efficient production techniques of metallic alloys in the
late twentieth century formed the basis for the boom of construction, transporta-
tion, energy, packaging, and electronic industries [1, 2]. Although extensively
used, unprotected alloys are subject to a constant oxidation process, either in con-
tact with humid atmosphere, aqueous, or soil systems, turning them into natural
ore [1, 3]. One common approach to prevent or at least delay metallic corrosion is
the application of organic coatings as a physical diffusion barrier. A barrier coat-
ing in the form of a dense insulating layer acts as a quasi-ideal capacitor, which
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inhibits the contact of corrosive species, such as the electrolyte, with the sub-
strate. Barrier coatings based on acrylate, epoxy, and polyurethane are extensively
employed in automotive, aviation, and marine industries but also in electronics,
decoration, food, and beverage items. However, if these coating systems are not
designed to withstand aggressive environments, they fail, causing corrosion of the
underlying alloy. Therefore, conventional high-efficiency coatings are prepared

in the form of multilayers combining a chromate conversion layer (0.1-0.2 pm)
with a primer (commonly an epoxy layer of about 15-25 pm loaded with corro-
sion inhibitors) and an organic topcoat, mostly in the form of a 50-100-pm-thick
polyurethane, which provide barrier, decorative, hydrophobic, and UV-resistant
characteristics [4, 5].

Chromates, widely employed as conversion layer in the aerospace industry,
provide effective protection because the excess of non-reduced ions produces
an extremely corrosion-resistant film composed of mixed Cr and Al oxides [6].
However, hexavalent chromium causes occupational health problems due to
carcinogenic and mutagenic effects [7], which led to an intense search for high-
performance chromium-free coatings able to protect passively and actively metal
surfaces in harsh environments. To achieve this goal, the alternative material must
provide (i) a dense passive barrier with a very low permeation rate and after failure
(ii) actively inhibit corrosive processes with similar efficiency as the self-healing
ability of chromate anions. Considering this challenge, considerable efforts have
been spent by the scientific community to develop alternatives to chromium conver-
sion coatings, and some encouraging results have been already achieved.

One promising class of coating systems, developed in the last decade, which
fulfill the cited criteria, is organic-inorganic nanocomposites based on conventional
acrylic, epoxy, and polyurethane materials combined with ceramic nanofillers, such
as silica, ceria, zirconia, etc. These hybrid materials have demonstrated excellent
barrier property, providing long-term protection for steel and aluminum alloys
[3, 8-10]. The superiority of hybrid systems compared to purely polymeric phases
comes from a tailored nanostructure achieved by proper amounts of inorganic
nanofillers within the organic matrix and the careful tuning of synthesis condi-
tions, resulting in a dense and homogeneous nanocomposite that acts as an efficient
diffusion barrier, limiting the water uptake and diffusion of ionic species to a very
low rate [11]. The inorganic nodes have the important role to densify the structure
by anchoring covalently the polymeric chain segments through a cross-linking
agent and to improve the adhesion at the coating/metal interface through covalent
bonding [12-14]. The function of the polymeric phase is to provide minimum
internal stress and porosity of the hybrid network, hermetically sealing the struc-
ture [3, 11, 12]. Hence, the key factor for the stability of the material under adverse
conditions is the covalent conjugation between the two phases through the coupling
molecule that has functional similarity to both parts. The presence of this organic-
inorganic interphase overcomes the limitations of organic systems such as lack
of thermal and mechanical stability, poor adhesion, and presence of voids due to
material swelling [15-18].

Nevertheless, even the best barrier fails after some time due to the permeation
of water and aggressive species under weathering or mechanical damage. Smart
coatings are an emerging technology to bypass the limitations of passive systems,
providing a repair response mechanism after failure [5]. Several approaches have
been developed in the search for chromium-free organic coatings using organic
and inorganic additives for extrinsic self-healing strategies. These types of coatings
are able to respond after local damage through reactions triggered by variations
in pH, temperature, presence of water, mechanical damage, and UV [3, 4, 19].
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In practice, however, some studied coating systems, especially those based on
inhibitor-filled micro- and nano-containers, imply increasing costs, which are
hardly accepted by the industry. Some recent studies reporting on incorporation
of simple additives, such as PANI [20], TiO, [21], ZnO [22], lithium [23, 24], ZrO,
[9, 25], cerium/ceria [26-29], poly(2-butylaniline) (P2BA) [30], polydopamine
(PDA) [31], 2-mercaptobenzimidazole (MBI) [32], and tannins [33], among
others, have shown promising results toward the development of chromium-free
active coatings. This chapter comprises an overview of efficient passive organic-
inorganic coatings and their modified form for active protection of metal surfaces.
Emphasis is given on inorganic additives that meet the current demand for non-
toxic low-cost substances, such as cerium nanoparticles and lithium ions in hybrid
matrices.

2. Organic-inorganic hybrid coatings
2.1 Passive protection

Organic-inorganic coatings are usually prepared by combining the polymeriza-
tion of the organic phase using an anionic, cationic, thermal, or photo initiator with
the sol-gel route of hydrolysis and condensation of an inorganic compound in the
form of silicon, zirconium, aluminum, and titanium alkoxides [34]. In the next
step, the hybrid sol is applied on the metal surface by spray, spin, or dip coating
methods, and then the obtained film is dried and cured prior to the structural,
thermal, mechanical, and electrochemical analysis.

Epoxy [35-38] and polyurethanes-based [21, 39, 40] hybrid coatings present
excellent protection against metallic corrosion; however recent research has shown
that equal or even better results in terms of corrosion resistance and durability can
be achieved with much thinner layers, based on acrylic or epoxy hybrids. Especially
for poly (methyl methacrylate) (PMMA)-silica coatings, remarkable results have
been reported when applied on carbon steel and aluminum alloys. For instance,
using electrochemical impedance spectroscopy (EIS) assays, Hammer et al.
reported that PMMA-silica coatings with thicknesses between 1.5 and 3 pm are able
to withstand adverse conditions without failure for 18 days immersed in 3.5% NaCl,
while maintaining the low-frequency impedance modulus (|Zq) in the GQ cm’
range, a value about five orders of magnitude higher than that of bare steel [41].
Analyzing the structural properties of this material, dos Santos et al. showed that
optimizing the inorganic solvent proportion (ethanol/H,O ratio) results in higher
connectivity of the silica phase, leading to an improvement of the corrosion protec-
tion (|Zy] > 1 GQ cm®) and durability up to 6 months in 3.5% NaCl and more than
3 months in saline/acid solution [12].

Excellent passive corrosion protection of carbon steel was recently reported for
some micrometer-thick PMMA-silica coatings in a study where the ratio of thermal
initiator (benzoyl peroxide (BPO)) to monomer (methyl methacrylate (MMA))
was varied in the range of 0.01-0.1 (B001, B005, B010 samples) [11]. The authors
found that this parameter strongly influences the hybrid structure in terms of
polymerization efficiency, leading to an improved anticorrosion performance. From
Raman spectra (Figure 1a), it can be observed that as the BPO fraction increased,
the C—C band at 1640 cm ™" disappeared, indicating that the larger number of
radicals provided by BPO promotes a more efficient polymerization of MMA. This
result is supported by thermogravimetry, carried out under N, atmosphere to
analyze the decomposition stages of the hybrid structure (Figure 1b). The first
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derivative of the thermogravimetric (TG) curves (Figure 1c) shows that the PMMA
phase has three major degradation events, involving the rupture of head-to-head
segments (stacking defects) at about 240°C (T,), breaking of unsaturated chain
ends at ~300°C (T,), and a random breaking of head-tail segments at ~400°C (Tj3).
The differential thermogravimetric (DTG) curves clearly show that the stacking
defects (T, event) are strongly suppressed for higher BPO/MMA ratios, evidenc-
ing improved polymerization. The residual mass of about 20 wt% found at 800°C
corresponds to the nominal fraction of the silica phase in the hybrid.

In this study it was shown that the combination of adequate proportions
between reactive groups of organic monomer (MMA), silica precursor (tetraeth-
oxysilane (TEOS)), and coupling agent (3-(trimethoxysilyl) propyl methacrylate
(MPTS)) leads to the formation of a homogeneous and defect-free structure
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(a) Raman spectra, (b) TG curves and (c) DTG curves of PMMA-silica hybrids prepared using BPO/MMA
ratios of 0.01, 0.05, and 0.10 (veproduced with permission from Elsevier [11] ).
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Figure 2.

(a) Representation of the molecular structure of the PMMA-silica hybrid precursors, showing the reactive
groups of MMA and silicon alkoxides; (b) 3D AFM topography image of the Boo1 coating deposited on carbon
steel; (c) representative images of the coated carbon steel; (d) unsupported hybrid; (e) UV-vis transmittance
spectra of the unsupported hybrids (reproduced with permission from Elsevier [11]).
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(Figure 2a). According to atomic force microscopy (AFM), optical, and UV-vis
results (Figure 2b—e), the prepared coatings are transparent (80-90% transmit-
tance) and very smooth (RMS roughness <1 nm), expected features for effective
barrier coatings. For increasing amounts of the thermal initiator, the red shift of
the absorption edge (Figure 2e) may be related to increased absorption of BPO in
the UVA spectral range. Furthermore, adhesion pull-off tests evidenced a strong
adherence of the coatings to the steel substrate, reaching values up to 26.3 MPa for
the B0O1 sample, while 14.8 MPa, 8.9 MPa, and 6.7 MPa were determined for the
B005, B010 and pure PMMA, respectively.

To evaluate the anticorrosion performance of coated and uncoated steel, EIS
measurements were performed in duplicate after immersion of the coatings in
neutral 3.5% NaCl solution at regular intervals until a significant drop in the imped-
ance modulus was observed, representing the lifespan of the coating. After 3 h of
immersion, all hybrid coatings showed a quasi-ideal capacitive behavior over almost
the entire frequency range, contrasting with the poor performance of pure PMMA
and bare steel (Figure 3a).

The comparison with pure PMMA coating shows clearly the crucial role of the
silica phase in increasing corrosion resistance, after 1 day of immersion, from a
low-frequency impedance modulus of 200 kQ cm” (pure PMMA) to more than
5.0 GQ cm? (PMMA-silica coatings). Moreover, the BPO increase led to a consid-
erable lifespan extension for the B010 coating (9.1 pm thick) reaching 583 days
with a nearly unchanged electrochemical response (Figure 3b), compared to
the lifetime of 40-50 days, observed for the BOO5 and B001 coatings (5.0 and
2.8 pm thick, respectively), and only 1 day of the PMMA film. This anticorrosion
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Figure 3.

Bo%ie plots vecorded (a) after 3 h immersion in 3.5% NaCl, for PMMA-silica coatings on carbon steel prepared
at different BPO/MMA ratios, pure PMMA (BPO/MMA = 0.01) and bave steel and (b) for different
immersion times of the Bo1o sample. The symbols represent the experimental data, and the solid lines are fits
obtained using the electrical equivalent circuit (EEC) model (reproduced with permission from Elsevier [11]).
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Coating Substrate Thickness |Zie (G cm?) Ref.

(pm) lifetime (days)

solution

PMMA-MPTS-TEOS A1010 carbon steel 2397 ~5, 583, 3.5% NaCl [11]
PMMA-MPTS-TEOS AA2024 ~3 ~50, >560, 3.5% NaCl [3]
PMMA-MPTS-TEOS A1010 carbon steel 1.5-2 ~5, 196, 3.5% NaCl [12]
Acrylic resin-SiO, Mild steel 75 ~10, 90, 3.5% NaCl [43]
PMMA-MPTS-TEOS- A1010 carbon steel 3-6 ~3, 211, 3.5% NaCl [42]
CNTs or GO
Epoxy-zinc phosphate- Cold rolled low 55-140 ~450/60, 220/405, 3% [8]
iron oxide carbon steel NaCl
Epoxy-PANI Mild steel 20 10-100, 120, 3.5% NaCl [20]
Epoxy-GO-P2BA Q235 carbon steel 20 10, 80, 3.5% NaCl [30]
PU-PANI Mild Steel ~60 10, 58, 3.5% NaCl [40]
PU-ZrO,-SiO, Carbon steel 40-55 ~100, 226, 3.5% NaCl [9]
PU-MMT Carbon steel ~40 ~10, 225, 3.5% NaCl [39]
PU-PS-PLA-MBT AA2024 152 ~0.1, 83, 3.5% NaCl [44]
PU-TEOS-TIP-ZRP AA2024 203 ~10, 100, 3.5% NaCl [45]

PMMA, poly (methyl methacrylate); MPTS, 3- (trimethoxysilyl) propyl methacrylate; TEOS, tetraethoxysilane;
CNT5, carbon nanotubes; GO, graphene oxide; PANI, polyaniline; MM, montmorillonite; P2BA, poly
(2-butylaniline); PU, polyurethane; PS, polysiloxane; PLA, polylactic acid; MBT, 2-mercaptobenzothiazole; TIP,
titanium (IV) isopropoxide; ZRE, zirconium (IV) propoxide.

Table 1.
Reported high-performance passive hybrid coatings: composition, substrate, thickness, impedance modulus at
low frequency |Zi, lifetime, and solution.

performance, associated with an improved structure (Figure 1), is comparable
to that of the best performing anticorrosive coatings reported so far [8, 9, 12,
20, 21, 39, 42]. Results obtained for high-performance passive barriers based on
organic-inorganic coatings reported by several research groups are summarized
in Table 1.

Additional information on the barrier property of the BO10 sample was
obtained by a cross-sectional analysis using scanning electron microscopy coupled
with energy dispersive X-ray analysis (SEM/EDX) before and after 583 days of
immersion. Figure 4a shows an essentially unaffected morphology, free of pores
and defects, after 583 days of immersion. Further evidence comes from the EDS
profiles recorded along normal axis of the coating, shown in Figure 4b. The spec-
trum of the immersed sample shows no chlorine signal, which would indicate the
presence of Cl™ ions in the bulk, thus confirming the excellent barrier properties of
this hybrid nanocomposite.

From these results, it can be concluded that the quantity of the thermal
initiator plays a crucial role in terms of the connectivity of the organic phase,
resulting in a remarkable improvement of the barrier property for the BO10
coating (BPO/MMA = 0.1). The increase of the impedance modulus of more
than five orders of magnitude and the long durability of this coatings, compared
to the pure PMMA film, highlights the crucial role of the silica phase and the
importance of an efficient polymerization. Considering the excellent perfor-
mance achieved by PMMA-silica coatings without any additives, this material
can be considered as a promising alternative for conventional primer systems for
the protection of steel surfaces.
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Figure 4.

(a) Cross-sectional SEM images of the Bo1o coating, before (left) and after (right) 583 days of immersion in
3.5% NaCl solution, including details of the coating/steel interface. The layers visible in the images are due to
the three dips applied by dip coating; (b) integrated EDX cross-sectional spectra, before and after 583 days
of immersion (reproduced with permission of Elsevier [11]).

2.2 Active protection
2.2.1 Corrosion inhibition by lithium ions

The second requirement for an effective chromium-free coating relies on active
anticorrosion protection. Among corrosion inhibitors, it was demonstrated that
the incorporation of lithium salts improves corrosion protection of epoxy coatings.
As possible mechanisms, Visser et al. have proposed that the release of lithium ions
from the epoxy matrix forms in the defective zone a Li/Al layer (hydrotalcite class)
by a conversion process [46]. In recent work, lithium carbonate (Li,CO;) was for
the first time added (500-2000 ppm) into the PMMA-silica system, and the results
revealed a dual beneficial effect of lithium on the structure and self-healing ability
of the coatings on the AA7075 aluminum alloy [24].
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The structural analysis of the coatings showed that the changes of the small-
angle X-ray scattering (SAXS) profiles imply significant modifications in the nano-
structure of the silica phase for higher lithium loadings (Figure 5a). The profiles of
Li0 (0 ppm) and Li05 (500 ppm) samples present a correlation peak, indicative of
a concentrated set of silica domains with an average spacing of 3-4 nm (Figure 5b).
However, for further addition of lithium (Lil and Li2), the correlation peak van-
ishes due to the formation of a more diluted set of larger silica clusters. For these
profiles, the average size of the silica nanoparticles (Ry) can be calculated according
to the Guinier-Porod model [47, 48], revealing for the Lil sample (1000 ppm) a
gyration radius of about 1 nm and close to 3 nm for Li2 (2000 ppm).

Thermogravimetric measurements were used to access information on the
polymerization efficacy of PMMA and the thermal stability of the material. The
results reveal that the samples exhibited a thermal stability up to ~240°C (onset
degradation temperature at 5% mass loss, T, (Figure 5c) ), while degradation events
of the TG derivative curve (Figure 5d) showed that the presence of lithium sup-
presses head-to-head stacking defects (T;) and unsaturated PMMA chain ends (T5).
These findings indicate a more efficient polymerization with higher Li content,
which is an essential feature for an effective diffusion barrier.

The films with thickness between 4 pm and 6 pm present excellent adhesion
to AA7075 substrate reaching values up to 28 MPa for coatings with higher Li
loading [24]. The improved adhesion for lithium-rich coatings might be related to

(a) (b)

PMMA

[{g) (Arb. units)

—
(=]
W
L

domains

-
o
L

Rate dm/dT (% °C")
(=)
on

o
(s )
L

200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C)

Figures.

(a) SAXS intensity profiles of the hybrids fitted according to the Guinier-Porod model (green lines);

(b) structural representation of Lio and Lios PMMA-silica hybrids; (c) thermogravimetric curves and (d)
differential thermogravimetric curves of PMMA-silica hybrids prepared with Li,CO; concentrations of o, 500,

1000, and 2000 ppm (reprinted (adapted) with permission from [24]. Copyright (2020) American Chemical
Society).
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aluminum enrichment near the coating/substrate interface, suggesting a diffusion
of Al from the alloy into the coating during the thermal treatment [24].

Besides the beneficial effects of lithium on the structural properties, Li-modified
PMMA-silica hybrids yielded coatings with longer durability under immersion in
3.5% NaCl solution. This is evident from the time dependence of the open circuit
potential (Eqcp) and the low-frequency impedance modulus (|Zyg), recorded by
EIS during 310 days of immersion (Figure 6). For lithium-containing coatings, the
time dependence of |Zy (Figure 6b) revealed a very interesting effect of coating
regeneration, attributed to the chemical activity of the lithium ions. The data show
several important features of the lithium activity for different Li loadings: (i) for
all samples the time dependence shows a clear correlation between |Z;¢f and Eqcp
(Figure 6a); (ii) after local failure of the coating, an impedance drop occurred,
followed by a gradual recovery of about two orders of magnitude within 40 days
(Li05), 28 days (Lil1), and 20 days (Li2), indicating a faster regeneration process
with increasing Li content; and (iii) the higher lithium concentration of Li2 coating
delayed the appearance of localized corrosion compared to Lil and Li05 samples.
Furthermore, although the initial value of |Z; was smaller for Lil and Li2 coatings,
after 300 days of immersion, they showed a higher impedance value, an effect that
can be related to their improved structural characteristics, as discussed before.

Representatively, the time evolution of the Bode plots obtained by EIS for the Lil
coating is displayed in Figure 7, together with the fitted curves (3 h, 99 days, and
126 days) using electrical equivalent circuits (EEC), shown in Figure 7a. Initially,
Lil presents an impedance modulus up to six orders of magnitude higher than bare
aluminum alloy. As a consequence of the coating permeation by the electrolyte, the
formation of conductive percolation paths leads after 99 days to the appearance
of localized corrosion spots (pits), causing a decay of the impedance modulus at
medium and low frequencies, indicative for failure of the coating and the beginning
corrosion process at the coating/metal interface [11]. Nevertheless, after 126 days of
immersion, the coating was spontaneously restored, increasing |Zy by two orders of
magnitude. Next, the appearance of a second pit caused a new decay after 154 days,
and thereafter the impedance modulus has recovered again after 183 days, remain-
ing stable until 311 days of immersion.

The self-healing process of the first recovery event was analyzed by fitting the EIS
data using EEC containing a electrolyte resistance in series with two time constants,
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( a’)g Time evolution of Eocpand (b) |Zy| for coatings modified with different amounts of lithium during
310 days of immersion in 3.5% NaCl solution. The inset shows in move detail the first impedance modulus
recovery (99 days) for the Li1 sample (reprinted (adapted) with permission from [24]. Copyright (2020)
American Chemical Society).
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Figure7.

(a) Electrical equivalent circuits used to fit (black lines) the EIS data of Li1 coating after (b) 3 h, 99 days,

and 126 days of immersion in 3.5% NaCl solution and (c) time evolution of the bode plots after 154, 183, and
311 days of immersion (veprinted (adapted) with permission from [24]. Copyright (2020) American Chemical
Society).

the first representing the upper water uptake layer and the second the inner intact/
restored layer, and by adding a third time constant to simulate the corrosion process
at the coating/metal interface (Figure 7a). Accordingly, the high-frequency data are
generally attributed to phenomena occurring at the coating/electrolyte interface (Ry/
CPE,), the medium frequencies refer to the inner layer of the coating (R,/CPE,),
and the low frequency is related to charge transfer resistance (R.;) and double-layer
capacitance (Cgqj) at the coating/substrate interface (R;/CPE;). The electrochemi-
cal parameters, extracted by the fitting procedure, are shown in Table 2. After
99 days, a strong decay of R; and R, can be observed followed by a sharp increase
after 126 days, from 0.20 MQ cm? t0 1.68 MQ cm? and 0.02 MQ cm? t0 9.03 GQ cm?,
respectively. As expected, an inverse behavior can be observed for the Q values of the
CPE parameter, related to the coating capacitance.

To obtain more information on the Li-induced self-healing mechanism, sur-
face analysis by time-of-flight secondary ion mass spectrometry (ToF-SIMS),
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Li1 3h 99 days 126 days

ba 64 x107 — 45x1073 — 52x107 —
R, (Q cm?) 52.8 — 424 — 23.0 —
Ry (MQ cm?) 171 (12.8)" 0.20 (2.0) 168 (2.0)
Q (nQ'emsM) 0.46 (26) 0.55 4.1) 0.66 (24)
N 0.97 0.2) 0.97 (0.3) 0.95 0.2)
R, (GQ cm?) 522 (38) 0.02 (1.1) 9.03 (3.6)
Q, (nQ ' em™s") 0.21 (5.6) 17.0 (1.8) 3.85 0.7)
n, 0.70 (1.6) 0.77 (0.5) 0.88 0.2)
R; (GQ cm?) 0.03 (14.6)

Q (nQ'em s 2723 (5.1)

n 0.75 (4.9)

*The values in brackets correspond to the ervor (%) of each parameter.

Table 2.
Electrochemical parameters derived by fitting of the EIS data using electrical equivalent circuits of Figuve 7a
for Liz sample after 3 h, 99 days, and 126 days of immersion in NaCl 3.5%.

X-ray photoelectron spectroscopy (XPS), and SEM were performed. Surface
maps recorded by SIMS showed that the pit in the center of the immersion area
(Figure 8b) contains only two small spots of lithium (red), surrounded by alu-
minum corrosion products (blue), and PMMA (green) containing a very low Li
concentration (Figure 8a). In comparison, a higher Li surface concentration was
detected outside the immersed area (Figure 8c), which indicates a Li* leaching
process from the coating surface, evidencing its high mobility. Furthermore, the

Center_O 1s 7 Center_Li 1s

Intensity (Arb. units)

sa7 534 M 528 60 58 % 54 52
Binding Energy (eV)

Figure 8.

(i a§ ToF-SIMS map of the Li1 coating overlay of Li* (red), C,H;0," (green), and Al* (blue); (b) optical
micrograph displaying the immersed area delimited by a blue dashed circle; (c) normalized ToF-SIMS map of
Li* (yellow) at the edge of the immersed zone; normalized ToF-SIMS maps of (d) AIOH" (yellow) and

(e) Li* (yellow), vecorded in top and center zones of Figure 8f; (f) SEM cross-sectional view of the pit of

the Li1 sample obtained after 310 days of immersion in 3.5% NaCl solution; and (g) fitted XPS O 15 and Li
15 spectra taken at the top and center of the pit. For SEM analysis, sputtered Au was used to improve surface
conductivity (reprinted (adapted) with permission from [24]. Copyright (2020) American Chemical Society).
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cross-sectional image obtained by SEM (Figure 8f) shows a conical shape of the
70-pm-deep pit, surrounded by cathodic debris as a consequence of redox reac-
tions. The cross-sectional SIMS maps of the pit revealed that its center is mainly
filled with AIOH, corrosion products (Figure 8d) and that the top contains a
lithium layer (Figure 8c), a clear evidence of the high mobility of lithium ions
toward corrosive sites. XPS analysis performed in the top and center zones of the
pit (Figure 8f) confirmed the SIMS findings, revealing a high Li concentration of
31 at.% and 22 at.%, respectively, and the presence of lithium oxide and lithium-
containing aluminum oxide interphases (Figure 8g).

The reversible process observed for lithium-containing coatings is related
to redox reactions taking place at the coating/substrate interface, as illustrated
in Figure 9. As soon as water, oxygen, and chloride ions reach the substrate,

CI” ions form a complex with aluminum producing soluble Al compounds, which
cause the pit acidification/propagation. Simultaneously, at the top of the defect,
Al(OH), begins to precipitate at higher pH (reaction driven by hydroxyl ions,

a product of carbonate action), leading to the formation of aluminum oxides.
Finally, the curing activity of lithium within the pit is triggered at higher pH by
the formation of Li* intercalated aluminum oxide phase with a highly passive
character [16, 49, 50].

More rigorous tests of lithium self-healing activity were conducted by salt spray
tests [24]. SEM images in Figure 10a and b show that after 7 days of testing, the Li2
sample was almost completely covered by a film, whereas the Li0 sample presents
abundant corrosion products in the scratch track. EIS measurements performed
after testing revealed for the Li2 coating an increase of the impedance modulus
of one decade, while for the Li-free coating, a drop of impedance was observed. A
confirmation of Li" activity in the corrosion zones was obtained by the overlay of
Li* (red), AIOH" (green) and C,H;0," (yellow) SIMS map (Figure 10c) showing
that lithium ions were preferentially leached from the walls of the scratch to active
corrosion zones. The leached Li ions initiated a precipitation reaction of aluminum
oxides, resulting in the formation of a protective layer within the scratch track that
resulted in a significant reduction of the corrosion rate [46, 51].

Pit initiation Pit propagation

@ o o°
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4 ® & s e > . Iy ¢ L L.
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OH @ _

Figure 9.
Proposed mechanism for the formation of a lithium-induced protective barrier layer (veprinted (adapted)
with permission from [24]. Copyright (2020) American Chemical Society).
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Figure 10.

SEM images of the scratched film vecorded after 7 days of salt spray test and the corresponding EIS impedance
modulus profiles after 1 day and 7 days for (a) Lio and (b) Li2 coating on Al7o7s substrate; (c) ToF-SIMS map
of the Li2 sample showing the overlay map of Li* (ved), AIOH" (green), and C,H;0," (yellow), after 7 days
salt spray test (reprinted (adapted) with permission from [24]. Copyright (2020) American Chemical Society).

Structural, surface and electrochemical characterization showed that lithium
ions were successfully incorporated into PMMA-silica coatings promoting a ben-
eficial effect on the hybrid structure as well as smart corrosion inhibition. Based
on the data of different surface analysis techniques, a self-healing mechanism
was proposed that describes a lithium ion-induced formation of a protective layer
of redox reaction products that block the corrosion process not only in localized
defects (pits) but also in artificially damaged zones, thus extending considerably
the service time of the PMMA-silica coating.

2.2.2 Corrosion inhibition by cevium ions

Recently, it was shown that organic-inorganic hybrids based on PMMA-cerium
oxide are very promising materials for protective coating due to their excellent cor-
rosion resistance, active self-healing ability, and environmental compatibility [29].
This nanocomposite material was prepared by the radical polymerization of methyl
methacrylate and 2-hydroxyethyl methacrylate (HEMA), using benzoyl peroxide as
thermal initiator, combined with the sol-gel synthesis of cerium oxide nanoparti-
cles using Ce(NO;)36H,0 salt and LiOH. The hybrid solutions were used to deposit
films on A1020 carbon steel by dip coating, yielding coatings with a thickness of
10 pm. Three coating formulations were evaluated with the following molar pro-
portions, 1Ce:2HEMA:20MMA, 1Ce:2HEMA:25MMA, and 1Ce:2HEMA:30MMA,
keeping the BPO/MMA molar ratio equal to 0.05. The HEMA molecule is formed
by a methacrylate group that reacts with the organic phase (PMMA) and a hydroxyl
terminal group that can be linked to the hydroxyl surface groups of the cerium
oxide particles, thus acting as coupling agent and imparting excellent homogeneity
and compatibility between the organic and inorganic phases (Figure 11a).

Structural characterization performed by XPS, SAXS, and high-resolution trans-
mission electron microscopy (HRTEM) revealed the formation of CeO, and Ce,0;
nanoparticles with an average size of 2.5 nm and the homogenous distribution of
these particles in the PMMA matrix through covalent bonds with the HEMA mol-
ecule (Figure 11b) [29]. The coatings deposited on carbon steel were transparent
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(a) Schematic representation of the PMMA-cerium oxide coating deposited on carbon steel; (b) HRTEM
image of the hybrid; (c) electrochemical impedance spectroscopy plots of the 1Ce:2HEMA:25MMA coating
immersed in 3.5% NaCl solution; and (d) electrical equivalent circuit used to fit the EIS data (reproduced with
permission from Elsevier [29]).

and free of pores and presented low surface roughness (<1.6 nm), extracted from
AFM topography images. In addition, thermogravimetric analysis showed that the
PMMA-cerium oxide hybrids have thermal stability up to 220°C and confirmed
the nominal inorganic mass fraction for the samples, varying between 22 wt%
(1Ce:2HEMA:20MMA) and 10 wt% (1Ce:2HEMA:30MMA).

Careful tuning of the molar ratio between the reagents yielded coatings with
notable anticorrosive performance, assessed by electrochemical impedance spec-
troscopy in aggressive saline environment [29]. The 1Ce:2HEMA:20MMA sample
exhibited low corrosion resistance, with impedance modulus at low frequency
|Zie| of 10 kQ cm? after 1 day of immersion in 3.5% NaCl solution, only one order
of magnitude higher than the uncoated carbon steel. A small increase of the
polymeric content to 1Ce:2HEMA:25MMA, led to a sharp rise of the impedance
modulus to 290 GQ cm?, which remained almost unchanged after more than
6 months in saline solution (Figure 11c). A further increase of the MMA amount to
1Ce:2HEMA:30MMA resulted in an intermediate performance of the coating, with
|Zig| of 95 GQ cm” and durability of 5 months. The corrosion resistance achieved
for the 1Ce:2HEMA:25MMA sample is comparable to that of the best anticorrosive
coatings reported so far [22, 26, 27, 36, 43, 52-54], however, with the advantage
of using nontoxic solvent or precursor. Several interesting results reported for
high-performance organic-inorganic coatings with active corrosion protection are
summarized in Table 3.

The electrical equivalent circuit shown in Figure 11d was used to fit the EIS data
of the 1Ce:2HEMA:25MMA sample, allowing a deeper insight into the behavior of
the electrochemical system. The circuit is composed of a solution resistance (R;) in
series with two time constants (R;/CPE; and R,/CPE,) related to coating resistance
and capacitance of the near-surface region and that of the inner layer close to the
coating/steel interface, respectively. During the immersion period of 189 days,

72



Organic-Inovganic Hybrid Coatings for Active and Passive Corrosion Protection
DOI: http://dx.doi.org/10.5772/intechopen.91464

Coating Substrate Thickness |Zid (GQ cm?) Ref.
(pm) 1st failure (days)
solution

PMMA-MPTS-TEOS- A1010 carbon ~2 ~1, 304, 3.5% NaCl [26]
Ce(IV) steel
PMMA-MPTS-TEOS-Li AA7075 46 ~1, 142, 3.5% NaCl 24]
PMMA-HEMA-CeO, A1010 carbon 10 ~290, 189, 3.5% NaCl 129]

steel
PMMA-MPTS-TEOS-Ce Mild steel 26 ~10, 362, 3.5% NaCl [55]
Epoxy-HT-BZ Carbon steel 35-45 ~10, >60, 0.5 M NaCl [56]
PVB-p-GAMo Mild steel 47-53 ~1, >21, 3.5% NaCl [57]
Epoxy-MMT-Ce(III) Carbon steel 50-70 ~0.1, >100, 3.5% NaCl [58]
Epoxy-PBH-GO Carbon steel — ~0.1, 40, 3.5% NaCl [59]
Epoxy-APS-BS AA2024 300 ~1, >350, 0.5 M NaCl [60]

PMMA, poly (methyl methacrylate); MPTS, 3-(trimethoxysilyl) propyl methacrylate; TEOS, tetraethoxysilane;
Li, lithium; GO, graphene oxide; HT, hydrotalcites; BZ, benzoate; PVB, polyvinyl butyral; p-GAMo, porous
organosilica with ion molybdate; MMT, montmorillonite;

PBH, polydopamine benzotriazole loaded halloysite nanotubes (HNTs); APS, (3-aminopropyl)trimethoxysilane;
BS, bis[3- (triethoxysilyl) propyl]tetrasulfide.

Table 3.

Reported active hybrid coatings loaded with organic and/or inovganic corrosion inhibitors: composition,
substrate, thickness, impedance modulus at low frequency |Zi|, time interval until the first failure event occurs,
and solution.

the coating resistance of the bulk presented values up to 1 TQ cm” and coating
capacitance of less than 0.1 nF cm™?, characteristics of an extremely efficient anti-
corrosion barrier arising from the dense and highly insulating cross-linked PMMA-
cerium oxide structure [29].

Moreover, a detailed analysis of scratched and immersed coatings performed by
EIS, XPS, and SEM (Figure 12) evidenced that Ce ions act as self-healing agents,
by formation of insoluble cerium oxide and hydroxide species by reactions between
leached cerium ions and hydroxyl groups in the scratch track, inhibiting the progres-
sion of the corrosion process and consequently enhancing the coating lifetime [29].

In summary, PMMA-cerium oxide coatings deposited on carbon steel combine
high corrosion resistance, durability, self-healing property, low-cost, small-
thickness, and eco-friendliness, thus representing a very promising alternative to
conventional anticorrosive coatings for the protection of steel components.
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Figure 12.

(a) EIS plot of the scratched PMMA-cerium oxide coating immersed in 3.5% NaCl solution; (b) XPS O 1s
spectra and (c) SEM image after immersion in 3.5% NaCl solution for 24 h (reproduced with permission from
Elsevier [29]).
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3. Conclusions

Advances in the search for effective substituents of chromates claim long-term
protection through a dense barrier coating associated with an active response
in case of damage. In this chapter, we have shown that acrylic nanocomposites
efficiently prevent corrosion for 583 days by applying a thin (10 pm), adherent
(up to 26 MPa), and transparent (80-90% transmission) layer of PMMA-silica on
carbon steel. Furthermore, it was demonstrated that by incorporation of corro-
sion inhibitors, such as lithium ions and cerium oxide nanoparticles, a self-healing
ability of hybrid coatings can be achieved, based on different mechanisms: lithium
ions induce the formation of a passive layer in the corroded zone composed of Li"
intercalated aluminum oxide phases, whereas cerium nanoparticles liberate cerium
ions that react with water to form insoluble oxides and hydroxides in the affected
zone, thus blocking the progress of the corrosion process of the AA7075 alloy and
carbon steel, respectively. The efficient passive and active protection of metallic
surfaces makes acrylic hybrid coatings potential candidates for a chromate-free
future.
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Chapter 5

The Arrhenius Acid and Base
Theory

Shikha Munjal and Aakash Singh

Abstract

Swedish Svante Arrhenius, in 1884 proposed the concept of acid and base based
on the theory of ionization. According to Arrhenius, the acids are the hydrogen-
containing compounds which give H" ions or protons on dissociation in water and
bases are the hydroxide compounds which give OH™ ions on dissociation in water.
This concept is only applicable to those compounds which dissolved in aqueous
solution (or you can say where water is the solvent). It covers many common acids,
bases and their chemical reactions, but there are also other compounds that have the
characteristics of acids and bases but they do not fit into Arrhenius concept.

Keywords: acids and bases, Arrhenius acid-base theory, the water-ion system,
amphoteric nature of water, hydrogen or hydronium ion

1. Introduction

The concept of acids and bases have been defined many times in different ways.
Several scientists put various definitions to characterize the acids and bases in
which some of the concepts are quite narrow and some are comprehensive. Acids
and bases are existing everywhere in our daily life. Every liquid except water, that
we used having acid and basic properties, for example, vinegar (contains acetic
acid), soft drinks (contains carbonic acid), buttermilk (contains lactic acid), soap
(contains base). The earliest definitions were made on the basis of their taste and
their effect on other substances.

1.1 Acids

Acid are those substances which have sour in taste, sharp odor, corrosive, having
pH < 7 and turn blue litmus red. The neutralization reaction occurs when acid reacts
with alkali, forms salt and water. The products are less acidic or basic than reactants.
It reacts with metals, produces H,. For example, the reaction between sodium

hydroxide (base) and hydrochloric acid, forms sodium chloride (salt) and water.

Neutralization
NaOH (aq) + HCI (aq) » NaCl(aq) + H20(I)

1.2 Factors affecting acidic strength

The strength of acids and bases depends on following factors:
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* Polarity of the molecule and strength of H-A bond
* Electro negativity
* Size

1.2.1 Polarity of the molecule and strength of H—A bond

As the polarity of the molecule increases, the electron density will get away from
hydrogen atom and it becomes H* (proton). The greater is the positive charge on
the hydrogen atom, H—A bond will become weaker, lesser is the energy required to
break it. Then, the proton will easily dissociate in the solution. Hence, it will be the
strong acid [1].

water ) .
H-A _———  » H;0"+ A (A is more electronegative than H)

1.2.1.1 Key points

The priority should be given to the polarity of H-A bond, when we compare the
acidic strength of elements in the same row. But when we compare the acidic
strength of elements of same group of periodic table, then priority is given to
strength of H-A bond.

1.2.2 Electro negativity

The hydrogen is attach to the more electronegative atom is more acidic. For
example - the hydrogen is attached to the oxygen (E.N = 3.5) is more acidic than the
hydrogen attached to nitrogen (E.N = 3.0, which is less electronegative than oxygen).

1.2.3 Size

The size of “A” atom affects the acidity of acidic strength. As the size of the atom
increases, the bond becomes weaker and acidic strength increases [2].

1.2.4 Hybridization

Hybridization plays an important role in determining the acidic strength. As the
hybridization moves from sp” to sp, the “s” character increases, so acidic strength
increases.

1.3 Bases

Bases are those substances which have bitter taste, odorless, turn red litmus
blue, having pH more than 7 and becomes less alkaline when react with acid. These
are violent and less reactive than acids. For example, NaOH (Sodium hydroxide),
LiOH (Lithium hydroxide), KOH (potassium hydroxide), etc.

These are the general properties of acids or bases, but not true for every single
acid or base. There are some important concepts:

¢ Arrhenius acid-base theory

* Lewis acid-base concept
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* Bronsted-Lowry concept
* Lux-flood concept

* Solvent-system concept

2. The Arrhenius acid-base theory (the water-ion system)

The Arrhenius acid-base theory was proposed by Swedish Svante Arrhenius. It
was the first modern approach to acid-base concept. This theory is quite simple and
useful. According to Arrhenius theory, acids are the compound that increases the
concentration of H* or proton in aqueous solution. The released H* ion or proton is
not free-floating proton, it exists in combined state with the water molecule and
forms hydronium ion (H30"). The common examples of Arrhenius acid includes
HCI (hydrochloric acid), H,SO4 (sulphuric acid), HNOj3 (nitric acid), etc. as shown
in Table 1.

HCl(aq) 3 H"(aq) + CI" (aq)

When it is dissolved in water, then:

HCI (aq) ——» H30" (aq) + CI' (aq)

Water

HNO;3 (aq)

H;0* (aq) + NOs™ (aq)

The acids like HNOj3, HCI, etc. gives one proton on dissociation, called
monoprotic acids. The acids like H,SO4, H3PO,, etc. which having more than one
hydrogen atoms and gives more than 1 H* ions on dissociation, called polyprotic
acids. It is not necessary that polyprotic acids are stronger than monoprotic acids.

H2S04(aq) Water H* (aq) + HSOy4 (aq)
—_—
HSO4 (aq) Water H* (aq) + SO4* (aq)
———
or 2H,S04 (aq) Water 2H* (aq) + SO4* (aq)

Similarly, Arrhenius bases are compounds that increase the concentration of
OH" or hydroxide ion in aqueous solution or having at least one OH™ ion in

Arrhenius acid formula Name

HCIO; Chloric acid

HNO; Nitric acid

HCIO,4 Perchloric acid

H;PO, Phosphoric acid

H,S0, Sulphuric acid

H,SO; Sulfurous acid

HClI Hydrochloric acid

CH3;COOH Acetic acid

HBr Hydrobromic acid
Table 1.

Some Arrhenius acids.
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formula. The common examples of Arrhenius base includes NaOH (sodium
hydroxide), KOH (potassium hydroxide), Ca(OH); (calcium hydroxide), Mg(OH),
(magnesium hydroxide), NH,OH (ammonium hydroxide), etc. as shown in
Table 2.

When sodium hydroxide dissolved in water, it fully dissociates into ions Na* and
OH", this dissociation increases the concentration of hydroxide ions in the solution.

NaOH (aq) __'vater Na* (aq) + OH- (aq)
KOH (aq) __ Water _ K*(aq) + OH (aq)
Ca(OH), (ag) — VAT Ca?* (aq) +20H (aq)
Mg(OH): (aq)  Water Mg?* (aq) + 20H (aq)
NHsOH (aq) Water NHs4 (aq) + OH" (aq)

2.1 Neutralization reaction

When Arrhenius acid and Arrhenius base reacts, salt and water is formed as
product, the reaction is known as neutralization reaction. For example:

Neutralisati
HCl + NaOH eutralisation . NaCl+ H,0

The acids which are completely ionized in aqueous solution, is termed as strong
acids such as HCI, HNO3, H,SO,, etc.

Water

HCI (aq) H;O" + CI

Hydrochloric acid is a strong acid. When it dissociates into water, hydronium
ion and chloride ions are formed as product. Chloride ions are weak base, but its
basicity does not make the solution basic because acidity is overpowering the
basicity of chloride ions. The H" ions combine with water molecule and form
hydronium ion. In case of strong acid, the concentration of hydronium ion formed
is equal to the concentration of the acid whereas in case of weak acids, the concen-
tration of hydronium ions in solution is always less than the concentration of
hydrogen ions.

Arrhenius base Name
NaOH Sodium hydroxide
NH,OH Ammonium hydroxide
KOH Potassium hydroxide
Mg(OH), Magnesium hydroxide
Ca(OH), Calcium hydroxide
Al(OH);3 Aluminum hydroxide
Table 2.

Some Arrhenius bases.
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Whereas the acids which are weakly ionized in aqueous solution, is termed as
weak acids such as acetic acid (CH3;COOH).

Water
CH3;COOH (aq) ———— » CH3COO +H'

In case of weak acids, the concentration of hydronium ion is always less than the
concentration of acid.

Similarly, bases which are completely ionized in aqueous solution, are termed as
strong bases such as NaOH, KOH, etc. whereas the bases which are weakly ionized
in aqueous solution, is known as weak bases such as ammonium hydroxide
(NH4OH), calcium hydroxide (Ca(OH),), etc.

Note: It is not necessary that strong acids/bases are concentrated and weak acids/
bases are dilute. Because, the dissociation of a substance does not depend on its
concentration.

3. Utility of Arrhenius concept

This theory explains many phenomena like strength of acids and bases, salt
hydrolysis and neutralization.

4. Hydrogen ion (H") or hydronium ion (H;0%)

When electron is removing from hydrogen atom, hydrogen ion H" is formed
which is very reactive. But this H" ion does not exist in aqueous solution. Since in
aqueous medium, it reacts with water molecule and forms hydronium ion (H;0%).
Water is a polar molecule; it has the ability to attract the hydrogen ion (H").

The water contains hydrogen and oxygen in which oxygen (EN = 3.5) is more
electronegative that pulls the electron density towards it and causing the partial
negative charge on the molecule. Due to partial negative charge, it has ability to
attract the positively charged hydrogen ion (H*) and form hydronium ion (H;0%).
Hydronium ions are more stable than hydrogen ions.

H:20 () ———— H*(aq) + OH" (aq)

The hydronium ion is very important factor in chemical reaction that occurs in
aqueous solutions [3]. It is formed by the protonation of water.

5. Concept of pH
The pH of solution can be determined by the concentration of hydronium ion.
pH = —log (H50%)
From this equation, we can find the pH of pure water. The pH of pure water
comes to be 7 that is considered to be neutral. The solution is either acidic or basic
depending on the change in the concentration of hydronium ion.

According to Figure 1:

* If the concentration of the hydronium ion in the solution increases means more
than 10~7 mol/l, pH increases that makes the solution more acidic.
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Basic

Acidic

Figure 1.
pH scale.

* If the concentration of the hydronium ion in the solution decreases means
<107 mol/l, pH decreases that makes the solution more basic.

6. Amphoteric nature of water

The word amphoteric is derived from Greek word “amphi” that means both
(acid and base). Amphoteric substances are those that has potential to act either as
an acid or base. For example: H,O (water) [3].

H,0 (I) ¥=———— H* (aq) + OH" (aq)

On dissociation, it ionizes into H* and OH™ (hydroxide) ion. The presence of H*
indicates an acid and the presence of OH™ ion indicates a base. Since, water is a
neutral molecule. So, it dissociates equally into H* and OH" ion.

According to Arrhenius acid-base theory:

The amphoteric nature of water is very important because most of the acid-base
chemical reactions takes place in the presence of water. Water is important ampho-
teric compound that can act as both an Arrhenius acid or Arrhenius base.

Auto-ionization of water [4];

H>O
H0 —* H30" (aq) + OH" (aq)
The H" ion (a bare proton) does not exist in the solution, it forms hydronium
ions by hydrogen bonding with nearest water molecule. Many books refers the
“concentration of hydrogen ions” which is not correct. Because there are no H" ions,

only hydronium ions in the solution. Technically, the number of hydronium ions
formed is equal to the number of hydrogen ion. So, both can be used.

7. Advantages of Arrhenius theory
This theory is used to explains:
* Strength of acid and bases

The strength of Arrhenius acid and Arrhenius base can be determined by the
extent to which it dissociate to give H" ion or hydroxide ion [5].
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* The properties of acids and bases in aqueous medium.

* Neutralization of acid by reaction with base

8. Limitation of Arrhenius acid-base theory

1. This theory is very limited, out of three theories. According to this theory, the
solution medium should be aqueous and acid should produce hydrogen ion
(H") or base should produce hydroxide ion (OH™) on dissociation with water.
Hence, the substance is regarded as Arrhenius acid or Arrhenius base when it is
dissolved in water. For example, HNOj is regarded as Arrhenius acid when it is
dissolved in aqueous solution. But when it is dissolved in any other solvent like
benzene, no dissociation occurs. This is against the Arrhenius theory.

2. Arrhenius theory is not applicable on the non-aqueous or gaseous reactions
because it explained the acid-base behavior in terms of aqueous solutions.

3.In Arrhenius theory, salts are produce in the product which are neither acidic
nor basic. So, this theory cannot explain the neutralization reaction without the
presence of ions. For example, when acetic acid (weak acid) and sodium
hydroxide (strong base) reacts, then the resulting solution basic. But this
concept is not explained by Arrhenius.

4. Arrhenius theory is only applicable to those compounds which having formula
HA or BOH for acids and bases. There are some acids like AlCl;, CuSO,4, CO,,
SO, which cannot be represented by HA formula, this theory is unable to
explain their acidic behavior. Similarly, there are some bases like Na,CO3,
NH3, etc. which do not represented by BOH formula, this theory is unable to
explain their basic behavior.

9. Bronsted-Lowry theory

We have been previously learned an Arrhenius acid-base theory which provided
a good start towards the acid-base chemistry but it has certain limitations and
problems. After this theory, a Danish chemist, named Johannes Nicolaus Bronsted
and British scientist, Thomas Martin Lowry proposed a different definition of acid-
base that based on the abilities of compound to either donate or accept the protons.
This theory is known as Bronsted-Lowry theory, also called Proton theory of acid
and base. This theory gives a more general and useful acid-base definition and
applies to wide range of chemical reactions. In this theory, we usually consider a
hydrogen atom as a proton that has lost its electrons and becomes a positively
charged hydrogen ion (represented by symbol, H").

According to Bronsted-Lowry concept, an acid is considered to be Bronsted-
Lowry acid which is capable to donate a proton to someone else. A base is consid-
ered to be Bronsted-Lowry base which is capable to accept a proton from someone
else. From here, it can note that when an acid reacts with a base, the proton is
transferred from one chemical species to another.

* Bronsted-Lowry acid-Hydrogen ion (Proton) donor.

* Bronsted-Lowry base-Hydrogen ion (Proton) acceptor.
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9.1 Conjugate acid-base pairs

* Conjugate acid: It forms when a base accepts proton.

* Conjugate base: It forms when an acid donates proton.

Note: If an acid is strong, the conjugate base will be weaker and if the base is
strong, the conjugate acid will be weak.

Consider the following chemical reaction:

HCI (aq) + NH3 (aq) i NH," (aq) + CI (aq)

Hydrogen
Chloride

Ammonia Ammoniumion Chlorideion

In this reaction, HCl is an acid because it is donating proton to NH;. Therefore,
HCl is act as Bronsted-Lowry acid whereas NHj has a lone pair of electrons which is
used to accept the protons. Therefore, NHj is act as Bronsted-Lowry base. This
reaction is reversible also. In reversible case, the ammonium ion reacts with chloride
ion and again converts into ammonia (NHj3) and hydrogen chloride (HCI). In this
case, the ammonium ion is donating a proton, called conjugate acid. The chloride
ion (Cl7) ion is accepting a proton, called conjugate base.

There are two conjugate pairs—conjugate pair 1 and conjugate pair 2.

Conjugate pair 1: HCl and CI™
Conjugate pair 2: NH; and NH,*

From that equation, the ammonium ion (NH,") is a conjugate acid of base
ammonia and chloride ion (Cl") is a conjugate base of acid hydrogen chloride.

Note: According to the theory of Arrhenius, the reaction between HCl and NH;
is not considered as acid-base reaction because none of these species gives H* and
OH™ ions in water.

9.2 Examples of Bronsted-Lowry acids and bases

HNO;z (aq) + H2O (1) —» H30'(aq) + NOs (aq)

In this reaction, the nitric acid donates a proton to the water, therefore it act as a
Bronsted-Lowry acid. Since, water accepts a proton from nitric acid, so it is act as
Bronsted-Lowry base. In this reaction, the arrow is drawn only to the right side
which means that reaction highly favours the formation of products.

NHs (aq) + H:0 (1) —» NIH," (aq) + OH (aq)

In this reaction, the water is losing its proton, becomes hydroxide (OH™) and
donates its proton to the ammonia. Therefore, water is act as Bronsted-Lowry acid.
Ammonia is accepting a proton from the water, forms ammonium ion (NH4").
Therefore, ammonia is act as Bronsted-Lowry base.

From the above two reactions, we can conclude that the water is Amphoteric in
nature which means that it can act as both: Bronsted-Lowry acid and Bronsted-
Lowry base.

9.3 Advantages of Bronsted-Lowry theory

1. This theory is able to explain the acid-base behavior in aqueous and non-
aqueous medium.
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2.1t explains the basic character of substances like NH3, CaO, Na,COs3, that is,
which do not contain —OH group but according to Arrhenius theory, they are
not considered as bases.

3.1t explains the acidic character of substances like CO,, SO,, etc. which do not
contain hydrogen ion group but according to Arrhenius theory, they are not
considered as acids.

4.This theory also explains the acid-base behavior of ionic species.

9.4 Disadvantages of Bronsted-Lowry theory

1. According to Bronsted-Lowry theory, same compound is act as acid in one
reaction and act as base in other reaction. So, sometimes it is very difficult to
predict the exact acid or base in a reaction.

2. This theory is not able to explain the acidic, basic as well as Amphoteric
gaseous molecule.

3. This theory does not explain the behavior of acids like BF3, AlCl;, BCl3, etc.
which do not protons to loose or donate.

4.This theory does not explain reactions between acidic oxides (CO,, SO,, SO3)
and basic oxides (CaO, MgO, BrO) which takes place in the absence of solvent.

10. Relation between Arrhenius theory and Bronsted-Lowry theory

These two theories are not against to each other in any way, in fact Bronsted-
Lowry theory is advance to the Arrhenius theory.

According to the Arrhenius theory, a substance which produces hydrogen ion in
water, called acid. A substance which produces hydroxide ion in water, called base.

According to Bronsted-Lowry theory, an acid is proton donor and base is proton
acceptor.

HCl (g) + H20 (1) —> H30+ (aq) + CI- (aq)

According to Arrhenius theory, hydrochloric acid is an acid which gives hydro-
gen ions in water but according to Bronsted-Lowry theory, hydrochloric acid is an
acid because it donates a proton to the water molecule. By observing both concepts,
water is acting as a base. So, we can see here that both theories are very similar to
each other.

Actually, Arrhenius theory is limited only to the aqueous solution. It does not
explain the acid behavior in gaseous form.

11. Lewis acid-base theory

The Bronsted-Lowry theory which we have been previously studied was a good
startup for acid-base chemistry. The Bronsted-Lowry concept was based on the
transfer of proton from one chemical species to another. But this theory has certain
limitations. UC Berkeley scientist, G.N. Lewis, in 1923 proposed a new acid-base
theory which is based on their transfer of electrons. This theory is more advanced
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and flexible than Bronsted-Lowry because it explains the acid-base behavior in that
molecules which do not contain hydrogen ions or in non-aqueous medium.

11.1 Lewis acid

According to this theory, an acid is a substance which has capability to accept
the non-bonding pair of electrons, called Lewis acid. They are sometimes referred as
electron deficient species or electrophile.

11.1.1 Lewis acid: characteristics
* Lewis acid-electron-pair acceptor.
* Lewis acid should have a vacant or empty orbital.

* All cations (Na*, Cu®*, Fe*") are Lewis acids because they have capability to
accept a pair of electrons but all Lewis acids are not cations.
Fe’* + 6H,O — > [Fe(H20)4] **

Metal cation having  Lone pair present
positive charge and  on oxygen
empty orbital

More is the positive charge on the metal, more is the acidic character. Fe3* is
good Lewis acid than Na".
* The ion, molecule or an atom which has incomplete octet of electrons are also
Lewis acids.
For example: BF3.

Here, you can see that the central atom boron has six electrons in its outermost
shell. So, it has ability to accept more electrons due to the presence of an empty
orbital and hence, act as Lewis acid.

BF; + F—> BFs

* The molecule in which the central atom has more than eight electrons (SiF,,
SiBr,), are also considered as Lewis acids.

* The molecule like CO,, SO,, etc. are also considered as Lewis acid. These types
of molecules form multiple bond between the atoms of different
electronegativity. In case of transition metal ions, the metal having more

electronegativity makes stronger Lewis acids.

* Electron poor m: system is also considered as Lewis acids, for example,
[CH,=CH]", etc.

11.2 Lewis base

A base is a substance which has capability to donate the electrons, called Lewis
base. They are sometimes referred as electron rich species or Nucleophile.
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11.2.1 Lewis base: characteristics
1. Lewis base-electron-pair donor

2. All metal anions (F~, Cl™, Br™, I") are Lewis base because they have ability to
donate the electron but all Lewis bases are not anions.

3.The ion, molecule or an atom which having a lone pair of electrons, are also
considered as Lewis base.

4.The electron-rich n system is also considered as Lewis bases, for example,
benzene, ethene, etc.

5. The strength of the Lewis base can be increased by increasing the electron
density.

Note: When a Lewis acid reacts with Lewis base, then Lewis acid uses its lowest
unoccupied molecular orbital (LUMO) and base uses its highest occupied molecular
orbital (HUMO) to create a bonded molecular orbital. Actually, Lewis acid and
Lewis base both have LUMO and HUMO but HUMO is always considered as base
and LUMO is always considered as acid.

HOMO + LUMO —> Bonding MO

11.3 Example of Lewis acid-base
A simplest example of Lewis acid-base is shown by a chemical reaction:

Na* +Cl" —= Na—ClI

In this reaction, chloride ion acts as Lewis base because it has lone pairs of
electrons and sodium ion has positive charge, so it acts as Lewis acid.

11.4 Neutralization reaction between Lewis acid and Lewis base

When a Lewis acid reacts with a Lewis base, then a Lewis acid-base reaction
occurs in which the molecule which act as Lewis base donate its electron pair into
the empty orbital of an acid, forms Lewis acid-base adduct as shown in Figure 2.
The adduct formed contains a covalent coordinate bond between Lewis acid and
Lewis base. The above explanation implies that the Lewis acid is a low electron
density centre and Lewis base is a high electron density centre [6].

Lewis Lewis Lewis acid-
Base  Acid base adduct

Figure 2.
Acid-base neutralization.
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In this reaction, the two ammonia molecules reacts with silver ion. The ammonia
has lone pair of electrons, so it has the ability to donate the lone pairs of electrons
and acts as Lewis base. The positive charge on silver denotes its electrophilic nature
that means it has an ability to accept the pairs of electrons and act as Lewis acid (by
Lewis definition).

Here, it can also be noted that when a Lewis acid reacts with a Lewis base, there
is no change in the oxidation number of any of these atoms.

11.5 Limitations of Lewis acid-base theory

1. This theory is not able to explain that why all acid-base reactions do not
involve the covalent coordination bond.

2. This theory is also unable to explain the behavior of some acids like hydrogen
chloride (HCl) and sulfuric acid (H,SO4) because they do not form the
covalent coordination bond with bases. Hence, they are not considered as
Lewis acids.

3. This theory cannot explain the concept that why the formation of coordination
bond is a slow process and acid-base reactions is a fast process.

4.This theory cannot explain the concept of relative strength of acids and bases.

5. This theory fails to explain the catalytic activity of some Lewis acids.

12. Relation between Lewis acid-base theory and Arrhenius theory

1. All Arrhenius acids and Bronsted Lowry acids are Lewis acids but reverse is not
true.

13. Conclusion

Acids and bases are very important for modern society and in our daily lives.
They exist everywhere in our body and in our surroundings. The theory that has
been described in this chapter has given us all the basic information of acids and
bases. In this chapter, we have discussed all the three basic theory of acid-base
chemistry-Arrhenius theory, Bronsted-Lowry theory and Lewis acid-base theory.
Acids and bases have vital role in the area of medicine. From this concept, it is now
easy to treat the diseases with the improved medicines by complex understanding
of acids and bases. For example, If the concentration of hydrogen ion increases in
the human blood, acidity increases that results weakness in body. In that condition,
the body should keep alkaline by digesting food that produces alkali in the body, to
neutralize the acidity.

Definitely, without acids or bases information, our lives would look different to
how it looks now. Many products we are using today would have no use without
this knowledge.
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Chapter 6

Corrosion Wear of Pipelines
and Equipment in Complex
Stress-Strain State

Viadimir A. Pukhliy

Abstract

An analytical approach is described to determine the resource of structural
elements of hydropower, the nuclear industry, etc., under difficult stress conditions
when exposed to a corrosive environment with certain parameters (degree of
chemical activity, temperature, humidity, flow rate, etc.). The initial-boundary
problem for structural elements (bimetallic pipelines, centrifugal pumps) is con-
sidered with a decrease in the thickness of the element due to the influence of a
corrosive environment. In this case, the effect of a corrosive medium on an element
is described by a differential equation with certain initial conditions. Equations
describing the stress-strain state of an element are added to this equation. As the
first object, the corrosion wear of bimetallic pipelines of nuclear energy is consid-
ered. The solution to the problem is to integrate the ordinary differential equation.
The criterion for terminating the step-by-step process in time is the condition

max

min

o; <[or], where o7 is the yield strength of the material of the structural

element. As the second object, the corrosion wear of the working blades of centrif-
ugal pumps is considered. The stress-strain state of the blade is described by a
system of partial differential equations of the 12th order, to the solution of which
the method of integral relations by Dorodnitsyn is applied. At the next stage, the
system of ordinary differential equations is integrated by the modified method of
successive approximations developed by Professor V.A. Pukhliy. At each stage, the
corrosion equation is attached to the solution of this problem. For bimetallic pipe-
lines, a specific example of calculation according to the described algorithm has
been implemented.

Keywords: general corrosion, pipelines of hydropower and nuclear energy,

corrosion cracking, two-layer shells, initial-boundary value problem, centrifugal
pumps, modified method of successive approximation

1. Introduction

In a number of industries, in particular in the chemical industry, axial and radial
turbomachines (compressors, superchargers, gas turbine installations, pumps)
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operate under aggressive environments, as a result of which rotor blades and disks
are subject to corrosion wear.

Pipelines of hydropower are subject to corrosion wear, as a result of which their
service life is significantly reduced. The problem of corrosion is especially acute in
nuclear energy. Pipelines are made of low-alloy pearlite-grade carbon steel with
stainless steel cladding on the inner surface. We also note that all parts and assem-
blies of the main circulation pumps in contact with the coolant, industrial cooling
water, and locking water are made of special steels that are resistant to corrosion.

The coolant of the first circuit of a nuclear reactor is not just pure water, but
water with boric acid dissolved in it (H3BO3), which contributes to significant
corrosion of metal in pipelines. Steam generators of nuclear plants are made of pipes
clad with anticorrosive austenitic surfacing.

It should be emphasized that the influence of the stress-strain state on the rate of
corrosion and erosion wear also becomes important. For example, a strain of 1%
increases the rate of corrosion of silicon iron in a 0.01% solution of sulfuric acid by
53% compared with undeformed metal [1].

Stress corrosion cracking of metals was previously studied. This phenomenon
takes place at certain critical (threshold) values of tension determined by the acting
stresses and potential energy. Stresses less than critical have an effect on general
corrosion without causing cracking.

The impellers of radial and axial turbomachines subjected to corrosion are usu-
ally thin-walled plates and shells. The problem of the durability of the elements of
the impellers of turbomachines is the problem of the durability of plates and shells
of a variable thickness over time, under the influence of an aggressive environment
that has certain parameters (degree of chemical activity, temperature, flow rate,
etc.), and the stress-strain state.

One of the first works in this direction was an article by Kornishin [2], in which
a joint solution of the corrosion equation is considered, which is a linear dependence
of the corrosion rate on stress and equations describing the stress-strain state of a
shell of variable thickness. The system of joint equations describing the behavior of
the shell in a corrosive medium is then solved in finite differences according to a
two-layer explicit scheme with a time step.

To date, there are a number of semi-empirical models that approximate corro-
sion wear taking into account the stress state. In Table 1, a number of models used
in the calculations are given [3].

Table 1 indicates: h is the depth of the wear layer; t is the time; ¢ and € are stress
and strain; T is the temperature; k, o, p, and y are constants; and ¢ (t) are some
functions.

The issues of corrosion wear of centrifugal fan elements were investigated in a
number of works by Pukhliy and Semenenko [1, 4, 5].

2. Corrosion cracking of bimetallic pipelines

Bimetallic structures are widely used in modern technology, in particular, in the
manufacture of bimetallic elements in nuclear energy. These are, first of all, bime-
tallic pipelines, bends, etc. These elements are characterized by high strength, heat
resistance, and corrosion resistance.

The structural elements of nuclear power units operate under complex loading
conditions, in particular, under conditions of exposure to aggressive environments.
In this regard, the determination of the time to destruction of structural elements
(resource) is the most important in the study of corrosion wear of elements that are
in a complex stress-strain state [6-8].
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Corrosion equation wear The law of the effect of stress on corrosion rate

% = @t)(1+ko)

dh
dt

% — (p(t)can/RT

dh
dr

/‘;
i

A

’ ;4—

% —a+floc—oo)e

% =a—pe’’

Table 1.
Corrosion wear models.

In the present paper, an analytical approach to determining the resource of
structural elements of nuclear power units based on the theory of bimetallic shells,
taking into account the stress-strain state and corrosion wear of the elements, is
presented.

Consider a cylindrical bimetallic shell when exposed to a corrosive environment
[4]. Such tasks are very important in relation to the design of pipelines of nuclear
power plants (corrosion cracking).

The rate of change of thickness at a given point in the shell is taken in the form:

%:F(t,T,a),OStstk,h>0. (1)
with the initial condition:
h(x,y,0) = ho(x,y), (2)

where x, y are the normal coordinates of the middle surface of the shell; T is the
temperature; and ¢ is the function connecting the rate of change of the shell
thickness with the stress state at a surface point.

Note that F is a known function whose form is determined from experiment and
tr is the final point in time.

We study the effect of the stress state on general corrosion under the assumption
that the corrosion rate is a linear function of the stress intensity.

The equations of corrosion wear are written as follows:

%:fa(p(t)(l+k0',-j),OStStk,h>O. 3)
Here o;; is the stress intensity on the surface of the bimetallic shell; « and & are
finite coefficients; and ¢(¢) is a dimensionless function of time. As a rule, in most
practical cases ¢(2) it is a constant or monotonically decreasing function.
It is necessary to add the equations of the theory of bimetallic shells to Eq. (1) or
(3). As a result, we obtain an unrelated problem of the theory of shells, in view of
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which it is possible to apply a finite-difference approximation in time to the solution
of Eq. (3).

Thus, the algorithm for solving the initial-boundary-value problem is reduced
to the joint solution of Eq. (3) under the initial conditions in Eq. (2) and the
system of equations for bimetallic shells, in the general case of variable thickness
under the corresponding boundary conditions. Moreover, at each time step from
Eq. (3), we obtain numerical values of the thickness of the structural element,
which are then used to construct spline functions [9]. Then the system of equations
of bimetallic shells is solved, from the solution of which the values of ¢; are
determined.

The criterion for terminating the step-by-step process is the following condition:

max

where o7 is the yield strength of the material of the structural element.

The resource of structural elements of nuclear power units as a whole is
determined by the summation of time steps.

We obtain the equilibrium equation of the bimetallic shell on the basis of the
Lagrange variational principle:

S8I1 = 611, + 811, = 0. 4)

Here 511, is a variation of the potential energy of shell deformation; 811, is a
variation of the potential of external forces, equal to the variations of the work of
external forces, taken with the opposite sign.

We write an expression for the variation of potential energy:

a; by ax by
5H1 = [ J(SﬂoAlAzd(lld(lz = J Jé&lodsld\gz, (5)
ﬂ.l by a1 by

where 4 is the potential energy of deformation of a unit surface of the shell.
Integration extends to the entire surface of the junction (Figure 1): from a1 = a4,
to oy = ay and from ay = b1 to @y = b,.

61
a0 = [[of! - 5+ oY ael!) + )] (1 - ) <1 - ) de
Ry R,

0
+ J |:6§2>5€§2> + O_gz) . 58(22> + rg) 5;/3} 1-2)(1-2) dz
Ry R,

—02

In the analysis, the following assumptions are used (Figure 1).

The curvilinear coordinate system coincides with the lines of the main curva-
tures. This coordinate system is a Gaussian coordinate system, it is orthogonal.

The position of the point that does not belong to the junction surface determines
the coordinates of the z-distance normal to the point from the junction surface (+ if
it is directed along the internal normal to the junction surface).

100



Corrosion Wear of Pipelines and Equipment in Complex Stress-Strain State
DOI: http://dx.doi.org/10.5772 /intechopen.92188

Junction
surface

&y + dox, = const

Figure 1.
System of curvilinear coovdinates on an undeformed junction surface.

The movement of u and v in are the direction of the tangents to & and a; and w
in the direction of the normal to the junction surface.

Deformations of the junction surface are determined by relative elongations &
and &, in both the a; and @, directions, and by a shift y;,—a change in the angle
between the tangents to the lines a; and a, (before deformation z/2, after 5 — y;,).

Eq. (5) can be represented as follows:

ar b2

ST = J J(Nléel + Nadey — Mabyq — MaSy, + Ty — Hoypp)ArArdawda,  (6)
a1 by

Denote by:

P1>P»P5 the projection of external surface forces, referred to the unit of the
junction surface, on the direction of the tangents to the lines of curvature o; and a,
and normal to the junction surface;

NT', TT', Q7',M7" the normal, shear, shear forces, and bending moment for the
sectionay = const;

N2, T, Q%*, M7 the same for sectiona, = const.

Then the variation of the potential of external forces is equal to:

ay by by
S, = — J J(P15”‘ + p,00 + p3dw) Ar1Ardanda, — J(N?éu + T{'év — M{'6v1
a1 by by
az
+ QW) Agda — J(Ngzév + TS 6u — M260; + Q26w) Adary. @)

ai

Substituting Eqgs. (6) and (7) in Eq. (4) we obtain:
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azbz
oN,A 0A; JTHA 0A;1 A4A
ol =— [ [{|: L 2—N —2+ 2 T 14 2Q1+A1A2p1}6u+

day 200:1 oa; da
a1 by
()NzAl 6A1 0A2 A1A2
- N, - AA &
[ o, Vo T TR, &7 ZPZ} vt
0Q,42  0Q,Aq N,
AA AA dw ydad
+[6a1+0a+12R1R +Aufaps | ow pdmdart
b, -
1ow u
N; — N Ty— -2 -T2 v — [My —M*| 6 [ ——+—
+J{[1 1}5u+{1 & 1]51) [ 1 1]5<A16a1+R1>
by

1 0H T H
e e
1

—{[H1 + Hy] 6w },, ,, + {[H1+ Ha] 6w }bz,az +{[H1+Hyow };, .-

(8)
Here Q and Q, are the transverse forces arising in the shell:
1 [oM1A; 04, 0A; O0HA,
= -M,—+H ;
Q=04 [ ooy T m T Tom } ©)
1 [odMA4 0A1 0A; O0H1A;
= -M—+H,— . 10
Q2 A1A2 |: 00!2 da; (0] + dal da1 :| ( )

The last four terms in Eq. (8) is the work of concentrated forces along the edges
of the shell a; = const, a, = const.
From Eq. (8), we obtain the equilibrium equation and boundary conditions.

2.1 Equilibrium equations

In the mechanics of a solid deformable body, equilibrium equations can be
obtained by making up for the main vector and the main moment of all the forces
acting on the element for the infinitely small element extracted from the shell under
the influence of external and internal forces (Figure 2). Here, the equilibrium
equations and boundary conditions are obtained from the variational Lagrange
principle in Eq. (4).

Note that in the case of dynamics, it is necessary to apply the variational
Hamilton-Ostrogradsky principle.

So, from the first integral of expression in Eq. (8), the first three equations of
equilibrium follow:

1 [oN4A 0A, O0T,A 0A
e, %02 dhafs | g 1_&_”)1_0’

A1A2 L 0(11 docl 5(12 0(12 R1

1 [dTiA, 0A;  ONpA oA Q

—N;— T, - == = 0; 11

AA, | doq ()(Xz + dop 0(11:| R; TP (n

1 [0QA; 0QA1] Ni N

e 0.

A1A2 L 60(1 * a(Xz R1 * R + p3

102



Corrosion Wear of Pipelines and Equipment in Complex Stress-Strain State
DOI: http://dx.doi.org/10.5772 /intechopen.92188

Figure 2.
Internal forces acting on the edge of the element.

From the expressions in Egs. (9)-(10), two more equations follow:

1 [oM A 0A, O0H,A 0A
2 My~ + — 24+ Hy——| —Q; = 0;
AAy | Odoq Jday 1900%) day 12)
1 [oM,A, 0A, O0H.A, 0A;
- M — H,—=| — =0.
AlA; [ 1305} ! Jay + day +H dal] Q

The sixth equation is an identity expressing the equality of the moments of all
forces acting on the element to zero relative to the axis normal to the surface of the
element junction:

This equation was used to obtain Eq. (11).
2.2 Border conditions

The second and third integrals of expression in Eq. (8) give boundary conditions
for the edges ay = const and a, = comnst, that is, for lines of principal curvatures.
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We emphasize that if one of the lines of the main curvatures is closed, then the
displacements along this line will be periodic functions.

2.3 Axisymmetric deformation of a cylindrical shell

We introduce the following notation (Figure 3): R is the radius of the surface of
the junction of a cylindrical bimetallic shell; 1 is the shell length; 6; and 6, are the
thickness of the inner and outer layers; x is the distance from the left edge of the
cylinder to the current section; o1 and o, are normal stresses; 713 and is shear stress.

P 0 8 0
M, = Jagl)zdz + J ogz)zdz; N; = J(rgl)dz + J 6(12)0132;
0 —& 0 )

& &

0 0
M, = Jag)zdz + J agz)zdz; N, = Jog)zdz + J agz)zdz;
—5 —0;

0 2 0 2
I 0
1 z 2 z
Ql = JT§3> (1 — E)dz -+ J ng) (1 — E)dz
0 -5

Relative deformations of a surface located at a distance z from the junction
surface (Figure 4):

w
"
€1z = €1 —2ZY15 Y1 =W 5 €= —=3)2 Y2= 53

R2
Normal stresses according to Hooke’s law:
oy = I flﬂ% [e1+ ure2 — 2001 + iys) — (1+ wy)By T 5 05
=1 flﬂ% le2 + g1 — 200 + porr) — (L+pg)piT); (0<2 < 61)
szdcp dx>0
[ dx / Py Rde a0
a , / [M + dM JRd@
QRdey g Junction
MRdp JSF surface
N.Rdgp 5| R j" [N+ dN,JRdep
\ (Q+dQ,JRdg

--—"""".-H dx

__x.,...p-u-d'—""-—.

Figure 3.
Element of cylindrical shell.
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Figure 4.
Deformation of surface junction shell.

le1+ maga — 201 + pora) — (1+ 1)o7 Ug)

ol = 2
Y1y

&2+ tae1 — 2(ry + Hor1) — (1+ wa) B, T] (=6, <2 <0)

143

Power factors:
M = c161+ c260 — Diy1 — Doyy) — g5 N1 = Bier + Bagy — oy — f
M) = coe1 +c162 — Doyy — Diyy — g5 N2 = Byey + Biey — ooy — ey, — f-

Here:
g B0 B 1 Eio? 1 E) 1 E83 1 Ed
1= T 3010 =3 — s 551 =3 5 5
1-pi 1-4 21—-p5 21—y 3143 3143
Eibym  Eybym 1E182n1  1Ey6%m,
f= = o
- 1-pm 21—y 21—y
2] 0 o1 0
1 1 2 2
my = — | pitdzsmy = — | Potdzing = - | Pitzdzing = - | Potzdz.
1 2} 51 5
—5,

-0 0
Equations of an infinitesimal element:

[N (1 +w")] +p, = 0;
M N
Q +1T22+ N+ +p. = 0;

Mll_Q1:0-
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The problem of axisymmetric deformation of an elastic bimetallic cylindrical
shell for any relations between thicknesses, different mechanical characteristics of
the material of the layers, and arbitrary heating along the thickness and axial
direction is described by the equation:

w4 2aw” + b*w = 0(x). (13)
4 _chBl — 1B, —1/231RN1. 2 _i B%_B% )
R DiB; — 2 " T RDiBi -}’

Consider the case:
c1=c3= 0501 = py = p; E167 = En65.
Then the force factors are written as follows:
M; = —Dw" + (1+ u)n]; N1 = B [81 - ﬂ% -1+ u)Wt} ;

B
M, = —Dw” + (1 + p)n]; Na = uN1 — — (1 — %) (w + mR).

R
Here

g VB o 1 E{E,5 '

=277 31— )(VE + VB

o mtmyVE /B 3m
1++EJE, =~ 2 & ~

b {/(1—,“2)3_ V30— 1) VVE + VB

4DR? V2R6 VEE;

In this case, instead of Eq. (13), we obtain the following equation:

4

RN 4k"B
v 1 4 4

The boundary conditions for bimetallic shells coincide with similar conditions

for homogeneous shells.
So, for a hard-pressed edge we get:

For the free edge we have:
Ml == Q1 == O
2.4 Infinitely long cylindrical shell (piping)

We write the solution of the homogeneous Eq. (13) in the following form:
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w = kichax cos fx + kyshax sin fx + ksshax cos fx + kschax sin fx, (15)

Kk, ... k4 are arbitrary constants; a = 4 /h—g“; p= 1/%.

For an infinitely long shell in solution in Eq. (15) shax andch(ax) we express it in
terms of exponential functions. As x — oo, terms containing exp. ax — oo and
integration constants — 0.

Then:

w = kiA1(ax, fx) + TrA(ax, fx) + wo.

Here
A1 = Aq(ax, fx) = e sin fix; Ay = Az (ax, fix) = e cos fx.

Example 1. Consider a bimetallic cylindrical shell under the influence of internal
pressure g and a corrosive medium (Figure 5).

In this case, the stress intensity is constant for all points of the shell and is equal
to [5]:

11\ R-R
o qRi _ Q . Q — (E1 EZ) Re—R] . (16)
liRZ_RZ RZ_RZ’ =9 “1/p2 2\ —1 “1/p2 2\ —1°
¢ TRe Ko fG E/'(R2—R}) +E'(R;—R))
Given Eq. (16), Eq. (3) takes the form:
dh kA
_= — 1 — ] 1
= a0 (1475 1)
R2-R?
. R E-8)ER) s
ZQ(RC—Ru) RZ—RZ— 1 + 1 'R2_R2
¢ a  EB(R-R) ' EB(R-R) ¢ b
with the initial condition:
h(0) =ho,ho =R, — R,. (18)

The initial thickness /¢ is taken constant for all points of the two-layer shell.

SSSSSSSSYY

LSRR LN LIS LRSS ESE Y]

AAARSAREARSEARRRARNERAE]

Figure 5.
Geometry and loads acting on an element of two-layer shell: 1—outer layer; 2—inner layer; q,—internal
pressure.
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Eq. (17) with the initial condition Eq. (18) is integrated in quadratures:

hokA

h:ho_kPlthrkA

— ano(t)dt,h > 0. (19)

0
In case ¢ = 1, expression in Eq. (19) takes the form:

ho + kA

h:ho—at_kplnm,

h>0. (20)

We note that Eq. (20) differs from linear equation % = hy — ot by the presence
of an additional term that takes into account the effect of the stress state of the two-
layer shell on the corrosion rate.

Let us determine the durability of a steel two-layer cylindrical shell with
R.=80.0cm;hg=R.— R, =08cm;h1 =R, — R, =05cm; 7, =R, — R, = 0,3cm;
q=10 kg/cm2; and [o7] = 2200 kg/cn12' Ei=E, = 2 10° kg/cm2.

Corrosion rate, % = a = 0.03 cm/year [2]; = = 0.05cm/year [2],

oi=[or]
where [o7] is the allowable value of stress intensity at the end of the service life.
Given Eq. (3) we get:

arfa—1
[o7]

k:

The final value of the thickness of the shell /7 is found from the conditions of
achievement o;; = [o7]:

hy = 2~ 0.315 em.
[o7]

Substituting the values of the coefficients in Eq. (3), we find the durability
T = 11.6 years. In conventional calculations, the durability is calculated by the

ho hT

formula: T = , where T = 9.7 years.

In conclus10n it should be noted that in the general case it is necessary to solve
the unrelated problem of the theory of shells [10, 11], when at each step of integra-
tion over time it is necessary to solve the problem of the stress-strain state of a
bimetallic shell by a variable thickness, for which it is necessary to use methods of
integrating partial equations derivatives [12, 13].

3. The durability of the rotor blades of centrifugal pumps when exposed
to corrosion wear

The impellers of centrifugal pumps subjected to corrosion are usually thin-
walled plates and shells. The problem of the durability of the elements of the
impellers of centrifugal pumps is the problem of the durability of the plates and
shells of a variable thickness over time, under the influence of an aggressive envi-
ronment with certain parameters (degree of chemical activity, temperature, flow
rate, etc.), and the stress-strain state.

Figure 6 shows the layout of a centrifugal pump. Consider the durability of the
working blades of centrifugal pumps, which are a trapezoidal shell of variable
stiffness (Figure 7). The blade is subject to the combined action of centrifugal load
and corrosion wear.
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T

Figure 6.
Scheme of centrifugal pump: 1—confuser; 2—impeller; 3—diffuser.
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Figure 7.
Geometry and coordinate system of centrifugal pump blade.

The rate of change of thickness at a given point of the blade is taken in the form
of a functional relationship:

dh
G =FtT0) (21)

with the initial condition:

h(x,y,0) = ho(x,Y), (22)
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where x, y are the coordinates of the middle surface of the scapula; T is the
temperature; and ¢ is the function connecting the rate of change of thickness
with the stress state at a surface point. Function F should be determined from
experiment.

Assuming that the rate of change in corrosion wear is a linear function of stress
intensity, we write Eq. (21) in the form:

2 001+ ko) 23)

Eq. (23) must be supplemented with shell theory equations of variable thickness.

Omitting the intermediate calculations, we present a system of partial differen-
tial equations of the type Margherra [14] with respect to the normal deflection w
and the stress function F of the eighth order, describing the stress state of the blade
of variable thickness, taking into account the temperature effect:

DV*w + 2909 g, + 2909 g2, + V2DV*w — (1 —v)L(D, W) — hViF
0x 0x dy dy
crvgrl ()2 () e
—(1+v)L <F ;) 44 ;yz) Viw
=—-(1-v) %VZ (%) (24)

Here T = T(x, y, z) is the temperature field of a general form; a is the coefficient
of linear expansion of the material of the blade. V? and V* harmonic and
biharmonic operators; and V2 metaharmonic operator:

V,% = k11 % + ko %; L(D,w) and L (F, %) are second-order linear differential
operators.

Power factors due to temperature exposure are recorded as:

h2 h/2
E E
Nr = ¢ J T(x,y,%) dz; My = ¢ J T(x,y,2) zdz. (25)
1—v 1—v
—h/2 —h/2

We introduce the dimensionless coordinate system:
E=x/l; n=y/b1; m=1/by (26)
and dimensionless unknown functions

F
%72 "
E*12

@ =w/ho; F = 27)

Here £ is the characteristic thickness of the scapula and E* is the modulus of
elasticity of the material of the blade at a temperature of T = 20°C.

The boundary conditions at the edges of the blade adjacent to the disks 1; =
kimé +1and n, = a(kimé + 1) are considered as follows:
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w=w,=F=F,=0. (28)

The boundary conditions at the inlet and outlet edges of the blade correspond to
the free edge. In this case we have:

oM,

Ne=Ng =Me = 0;Q; — =

=0. (29)

The important issue is to specify the function of changing the blade thickness h =
h (%, y) in the process of erosion-corrosion wear.

In our studies, the function of changing the blade thickness was set in the form
of cubic splines [9].

In the general case, the blade thickness can be represented as two-dimensional
spline interpolations:

3

3
h(En) :hOZZA (E— &) (n—nj)ﬁ(izo,L wmj= 0,1, ...,m). (30)

a=0 p=0

This function on each element of the surface of the scapula
[fi’ Sivis My ’7j+1}

is a bicubic polynomial, continuous, and has continuous partial derivatives up to

and including aazzg IhEn) that is h(E,n) €22,

We represent the system of Eq. (24) in a dimensionless form:

tu (f) FLnalf) =Ly (31)
L1 () 4+ Ly (F) = Lo,
where Ly, (i, k = 1,2) are dimensionless differential operators of the theory
of shells, referred to the lines of curvature of the surface; L,, (m = 1,2) are
components of a given surface and temperature load.
The analytical solution of the system of Eq. (31) with boundary conditions in Eq. (28)
is based on the application of the method of integral relations by Dorodnitsyn [13].
In accordance with the method, we write the initial system of Eq. (31) in
divergent form:

_+_7’I+L:O, (32)

where X = {X;} = {0, 21,25,23,F,24,%5,%6 };

— - oX X X —
Y:Box+Bl—+Bz—2+ =
on on

Through z1, ..., z¢ marked:
21 =W31;2 = W11;23 = W111534 = F 1525 = F 11526 = F 111.

In Eq. (32) By = {bmn,s} and B = {by};(s =0,1,2,3; m,n =1, 2, ..., 8) are
transformation matrices.
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Following the method of integral relations of Dorodnitsyn [13], we look for a
solution to the system of Eq. (32) in the form of an expansion:

n

¥ Xy@Pen)  (i=3,678)

2

Xi(&,n) = éxijm,z@, D (=12 (33)
S XEPjmEn) (=45
j=1

As approximating and weighting functions, we choose the Jacobi system of
orthogonal polynomials [15, 16] and their derivatives:

P;j(&n) = P1(&n) Z [n _a Jrza)r] " ;

j=1

Pi(&n) =n* =21+ a)rp® + (1+ 4a+ a2)r2112 —2a(1+ a)r’n + a*r*.

Herer = 1+ kym¢ is the equation of the inclined side of the scapula.

Note that polynomials P;(&, ) are orthogonal on the interval [#y, 7,] and
forming a system of linearly independent functions, they satisfy the boundary
conditions at the oblique edges of the blade in Eq. (28).

We also emphasize that their derivatives P;,(&,7) and P (¢, 7) also have the
property of orthogonality.

Restricting ourselves to the two-term approximation and also choosing power
polynomials P;(¢, ) and their derivatives as weight functions, after applying the
procedure of the method of integral relations to the original system of Eq. (32),
we obtain a system of ordinary differential equations of order 8n with variable
coefficients:

aX,, J
—_— = B, ..X, "> =12, ..., 4
pr: ; v mXy + 1 m s (34)

It should be noted that in the general case there is no exact solution of such
equations in mathematics, with the exception of individual special cases, for exam-
ple, the Bessel equation.

Here, the modified method of successive approximations developed by Profes-
sor Pukhliy and published by him in the Academic Press [12, 17] is applied to the
solution of the boundary-value problem.

Later, the method was extended to the solution of initial-boundary value prob-
lems [4], and to accelerate the convergence of the solution, the method of telescopic
shift of the power series of K. Lanczos [18] was used. For this, we used the possi-
bility of representing any power series in terms of shifted Chebyshev polynomials
[15, 16]. For the first time, such an approach was presented in the works of V.A.
Pukhliy [19, 20].

In accordance with the method, variable coefficients B, ,, and free terms f, can
be represented through shifted Chebyshev polynomials:

9 r q r
fm = me,r(dr . V!)71 ZakT]: (§)> Bu,m = Zhu,m,rd;l ZakT]: (5) (35)
r=0 k=0 k=0

r=0

112



Corrosion Wear of Pipelines and Equipment in Complex Stress-Strain State
DOI: http://dx.doi.org/10.5772 /intechopen.92188

Here g is the degree of the interpolation polynomial and a,, are coefficients of
expansion of £ in a series of Chebyshev polynomials T} (£). In expressions of
Eq. (35),d, =1forr=0andd, = 2771 for the remaining .

The general solution of the system of Eq. (34) has the form [10, 19, 20]:

oo j+1

Xm :icﬂ dalang (5)5+2Xmﬂﬂ +Zt1'nj0 j+1 ]+1 Z&lka
u=1 n=1 j=0
+ X

n=2

(36)

where t,,j,0 = fin, forj = r; u is the number of the fundamental function; and C,
are integration constants. In solution in Eq. (36), § = 1if m = g and 6 = O for the
remaining u.

The first approximation X, , 1 is obtained by substituting the zeroth approxi-

S
mation: dy aoT¢ (€) 6 into the right-hand side of system dd% = ;By,mX,,.

Subsequent approximations are carried out according to the formulas:

B n+] 1
Xm,/t,n = Ztm,ﬂ,n,j [dnJr] (71 +] - 1 Z dka
=1
B n+] 1
Xy = Ztmn][dn+] 1(n+j—1)! Z ap Ty (£), where f=n(q+3))-2

(37)

The systems of fundamental functions in Eq. (37) are uniformly converging
series, and the coefficients ¢, ,,,; and ¢,,,; are determined through the coefficients
of the previous approximation using recurrence formulas:

tmun]—zzbymrtyﬂn 1,j— rn+]_1 IHn+]_1 7

v=1 r=0

s

q
mn]: bymrun 15— rn+] 1Hn+]_]/

v=1 r=

The constants C, included in the general solution in Eq. (36) are found from the
boundary conditions along the inlet and outlet edges of the blade in Eq. (29).

Thus, the problem reduces to the joint solution of Eq. (23) and the system of
Eq. (24) under initial conditions in Eq. (22) and boundary conditions in Egs. (28)
and (29). Moreover, at each time step, from Eq. (23) we obtain the numerical values
of the thickness, which are used to construct spline functions in Eq. (30). Then the
system of Eq. (24) is solved, from the solution of which the values ¢;; are obtained.

The criterion for terminating the step-by-step process is the condition:

O-ij < [GT]’

where o7 is the yield strength of the material.

The durability of the impeller element of centrifugal pumps is obtained by
summing the steps in time.
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4, Conclusions

The theory of corrosion wear of structural elements of hydropower and nuclear
energy in the form of plates and shells is developed taking into account the stress
state and corrosion wear.

Numerous factors affecting the speed of the corrosion wear process (degree of
aggressiveness of the media, temperature, humidity, etc.) are taken into account in
a generalized way by drawing up a differential equation for the rate of change of the
thickness of the impeller element.

The criterion for the ultimate state of structural elements is the achievement by
the structural element of the yield strength of the material 7.

An algorithm has been developed for solving the problem of corrosion wear of
bimetallic pipelines of nuclear energy, taking into account the stress-strain state of
the elements.

An algorithm has been developed for the analytical solution of the problem of
corrosion wear of rotor blades of centrifugal pumps based on a combination of the
method of integral relations and the modified method of successive approximations
in displaced Chebyshev polynomials.
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Chapter7

Spectroscopy in Oilfield Corrosion
Monitoring and Inhibition

Ekemini Ituen, Lin Yuanhua, Ambrish Singh
and Onyewuchi Akaranta

Abstract

Interaction of surfaces of metals and alloys with electromagnetic radiation
produces several interesting phenomena, including electronic transitions,
molecular rotation and vibration within bonds, polarisation, or photochemical
reactions. Spectroscopy is an essential tool that provides some structural informa-
tion about these interactions. In corrosion, spectroscopic techniques are often
employed for mechanistic determinations, especially in the presence of corrosion
inhibitors. In this chapter, we have examined some spectroscopic methods that are
useful for corrosion monitoring and corrosion inhibition. More emphasis is placed
on sample preparation, output parameters, interpretation of results and possible
deductions/predictions, which could be made from obtained results than on the
underlying principles and mode of equipment operation. Attempts are also made
to critically examine some literature, hence readers (early career researchers) and
experts in the field will find this chapter very resourceful and a ready reference
material.

Keywords: corrosion products, EDS, EIS, FTIR, UV-Vis, XRD

1. Introduction

Once existing wells begin to deplete, it becomes essential to use some principles
of chemistry and materials science to maintain production through operations, such
as well acidising, secondary and enhanced oil recovery. A common field technique
for achieving this is to force a fluid (mixtures which could include acid, water and
polymers) through the well bore at high pressure. This fluid dissolves formation
rocks, enlarges existing flow channels and opens new ones by etching to enhance
the flow of hydrocarbons. During this procedure, corrosion of steel structural
materials often occurs. Such materials include line pipes, casings and tubings. After
recovery, the spent acid could also cause corrosion of storage facilities. Problems
associated with such corrosion could include rupturing of materials, spills, failure,
loss of hydrocarbons and loss of materials’ integrity and flow challenges. The cost of
maintaining/cleaning spills is often high, hence most industries would find methods
to prevent or retard corrosion. Also, the downtime due to the shutdown of plant for
maintenance and damage to employees or company integrity is undesirable. The use
of corrosion inhibitors (CIs) has been considered the simplest and cost-effective
means of mitigating oilfield corrosion. Corrosion inhibitors (Cls) are chemical

117 IntechOpen



Corrosion

substances which are added in small amounts to the corroding fluid in order to
retard the speed of corrosive attack on the steel surface which it contacts [1].

Corrosion inhibitors offer surface protection by adsorption of their active
functionalities on the substrate (steel) surface to ‘blanket’ it from the aggressive
medium. The effectiveness or efficiency of the inhibitor varies as its chemical
identity, composition, concentration and operational temperature and pressure
varies [2, 3]. To estimate the efficiency or performance of Cls, techniques such as
gravimetry, gasometry, adsorptiometry and electrochemistry have been used [1, 4].
The extent of protection, pitting and roughness (morphology) of the specimen sur-
face is often checked using surface analytical techniques such as scanning electron
microscopy (SEM) and atomic force microscopy (AFM), and it is usually different
without and with the CI. The difference may be associated with monolayers or mul-
tilayers of adsorbed Cls on the surface. To understand the mechanism of interaction
between the functionalities on the CI and the surface, various spectroscopic tech-
niques have been used [5-7]. Such techniques include Fourier-transformed infrared
spectroscopy (FTIR), atomic absorption spectroscopy (AAS), energy dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS).

Since most efficient Cls contain oxygen, nitrogen, sulphur, phosphorus,
multiple bonds, aromatic and heterocyclic rings in their molecular structures
[8, 9], the technique used is directed towards detecting the presence of these
functionalities on the surface. The corroding environment also has to be taken into
consideration. Typical corrosive environments include all forms of water, indus-
trial, marine, neutral and urban atmospheres, air, humidity, steam, some gases like
fuel gases, chlorine, hydrogen sulphide, oxides of nitrogen, ammonia and sulphur
(IV) oxide, carbon dioxide, soils, alkalis and acids [8-10]. In the oilfield, acidic
fluids, petroleum wastewater, brines, alkalis, microbial rich fluids and some gases
constitute the corrosive environments [11]. To monitor corrosion, a selected cor-
rosive environment may be simulated in the laboratory and placed in contact with
the metal or alloy for a stipulated contact time. After this time, the metal or alloy
substrate (usually in form of a coupon) is cleaned by standard procedures, and the
corrosion rate can be evaluated. In this chapter, emphasis will be laid on corrosion
in oilfield environments with preference to acidising (HCI) solution.

2. Corrosion in acidising solution

Acid corrosion constitutes the major source of corrosion often encountered in
the oilfield. Strong acids can be pumped into wells to increase formation perme-
ability and stimulate production. About 5-28% HCl is commonly used for limestone
formations, while hydrogen fluoride (up to 3%) is used for sandstone formations
[8]. Also, about 9% formic acid has been used in some deep sour wells where HCI
inhibitors lose their effectiveness [1]. These acids in the live and spent forms cause
serious corrosion problems.

2.1 Corrosion monitoring and measurement of corrosion rate
Steel is the main material used for construction of pipework in the oilfield. Since

the main chemical constituent of steel is iron, the dissolution of iron in acid (HCI)
may be illustrated using Eq. (1):

Fe(s)+2HCl(aq)=FeCl2(aq)+H2(g) (1)
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Therefore, the corrosion of steel may be monitored using the following
methods [12]:

* Determining the mass of Fe( left (or lost) after dissolution within a given
time frame by weight loss (or gravimetric) technique.

* Determining the changes in resistance to charge transfer between the
steel surface and the electrolyte which are embedded by electrochemical
impedance spectroscopy (EIS).

* Determination of changes in activity or electrochemical potential or
resistance using electrochemical techniques.

* Measuring the speed of release of hydrogen gas or the amount released within
a time frame by hydrogen evolution or gasometric technique.

* Determining the amount of the Fe(s) leached into the solution at intervals by
AAS or EDS and so on.

2.2 Corrosion products analyses

For any of the methods used to monitor the progress of corrosion, the steel
specimen has to be immersed in the corroding medium for a given frame of time,
then retrieved. Within this time, a measureable extent of corrosion would have
occurred and the corrosion products will be present either in the corroding medium
(from which the specimen was retrieved) and/or on the retrieved steel surface.

At this point, either the solution or the surface or both may be subjected to spec-
troscopy or other analyses. The proceeding sections will concentrate only on the
frequently used spectroscopic methods for corrosion analyses. These are: electro-
chemical impedance spectroscopy (EIS), ultraviolet/visible (UV-Vis) spectroscopy,
FTIR spectroscopy, XRD spectroscopy, EDAX spectroscopy, AAS and XPS.

3. Spectroscopic techniques for corrosion analyses

In this section, our focus will be on the familiar experimental spectroscopic
methods used to monitor corrosion and analyse corrosion products in the labora-
tory. Except where otherwise stated, steel is mainly considered as the substrate/
specimen. Most spectroscopic techniques are associated with the interaction of the
surface with electromagnetic radiation. Often, direct contact with the specimen
may not be necessary. While some of the techniques can be used for iz situ corrosion
monitoring, techniques for detection and analyses of corrosion products are not
associated with 7z situ analysis.

3.1 Electrochemical impedance spectroscopy (EIS)

EIS is an experimental method that is based on the measurement of impedance
as a function of frequency or angular frequency of a sinusoidal perturbation of
small amplitude under steady-state conditions [13]. Since frequency is used as a
variable, it is termed as ‘spectroscopy’. The measurement is often conducted within
alarge frequency range that covers several decades, from mHz to hundreds of kHz.
Sometimes, the frequency range could cover pHz to MHz.
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In immersion tests, the steel coupon is abraded or polished to mirror finishing,
cleaned (using standard procedures such as ASTM, NACE, etc.) and soldered to
the wire to obtain the working electrode. Often, only one surface (of known area)
on the coupon is exposed, while the other surfaces are insulated, often using epoxy
adhesives [14]. For some specialised cells, there is no need for soldering to a wire as
the cell has a ready compartment (with a hole) for insertion of the coupon. In this
case, the coupon ‘laps’ on a conductor, which connects the coupon with the other
components of the cell once the electrolyte is poured into the cell.

On complete connection of the cell to the potentiostat/galvanostat, a green signal
shows on the screen to signify that the cell is ready for measurement taking. With
EIS, corrosion data may be obtained i situ. Many researchers have reported that
the cell will be initially allowed to stand for some time so that corrosion can occur
and open circuit potential (OCP) may stabilise [15-18]. For instance, the curves in
Figure 1a-b show variation of OCP with standing time over a period of 30 min. It
can be observed that the OCP stabilises for Specimens A and B within 120 s but is
unstable for Specimen C even after 1800 s. Once the actual measurement begins, a
graphical representation of the measured impedance is obtained at different frequen-
cies. The most frequently used coordinates for presenting impedance data include:

* Plot of frequencies as a set of points in the complex-impedance plane with the
real components of impedance (Z' ) on the x-axis and the imaginary compo-

nent (-Z") on the y-axis or vice versa. This plot is commonly called Nyquist
plot or complex plane diagram, and an example is shown in Figure 1c.

* Plotsof Z' and - Z" as a function of frequency (usually log f). This presenta-
tion is not popular for experimental cases in literature.

* Plots of magnitude of impedance /Z/ or log/Z/ and argZ against log f, often
referred to as Bode plot.

The measured data for Z(w) are interpreted by comparison with predictions of a
theoretical model or by the use of an equivalent circuit. Use of equivalent circuit is
commonly reported [19, 20] and the output parameters are determined depending
on the best fitting equivalent circuit. Basically, best fitting of theoretically calcu-
lated impedance plots to experimentally obtained curves affords acceptable results
if there is sufficiently small deviation (often expressed as y°). Charge transfer
resistance is obtained at the point of intercept of the curve with the impedance axis.
Depending on the equivalent circuit model used, other parameters such as double-
layer capacitance, solution resistance, film resistance and (constant phase element)
CPE constant may be obtained from the analyses of the EIS spectrum.
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(a and b) Variation of OCP with time and (c) Nyquist plot.
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3.2 UV-Vis spectroscopy

Electromagnetic radiation within the ultraviolet and visible regions produces
electronic excitation of molecules in a system. With the use of CIs, electrons move
from one energy level to another. Depending on the chemical identity of the CI,
excitations could be from the non-bonding (n) orbital (if the CI contains N, O, S
and P) or from the pie (7 ) bonding orbitals (if it contains multiple bonds or
aromatic rings) to other allowed orbitals. Such transitions are usually accompanied
by the characteristic absorption in the UV-Vis region, resulting in a peak in the
spectrum of the CI when scanned by the UV-Vis spectrophotometer. The
wavelength(s) of maximum absorption (4, ) may be recorded and used to probe
corrosion. Also, formation of a complex between inhibitor species and steel species
can result in another absorption and yield of similar or different 4 .

In many corrosion studies, the steel specimen is immersed in the test solution
for a period of time for reasonable corrosion to occur, then retrieved [8]. Aliquots
of the resulting solution (containing the corrosion products) is diluted and scanned
within suitable range of wavelengths [21]. Results produce absorption bands which
could be used to predict the associated electronic transition. Often, the results are
interpreted based on shifts in the adsorption spectra without and with the inhibitor.
Typical UV-Vis spectra obtained by monitoring corrosion of X80 steel in 1 M HCI
before and after immersion of steel in the inhibited solution are shown in Figure 2a.
A shift in the spectral position in the after immersion indicates that there is interac-
tion between the inhibitor and the steel species. Such interactions are often believed
to result from the formation of a complex between active sites on the inhibitor
molecule and Fe in steel [22, 23]. However, the use of UV-Vis data to predict the cor-
rosion inhibitor-steel surface interaction is limited and considered obsolete because
it does not provide explicit mechanistic information like other techniques.

3.3 FTIR spectroscopy

Vibration of functional groups on the interaction with electromagnetic radiation
is the bases for application of FTIR in corrosion studies. Since each functional group
has a characteristic vibrational frequency, it is easy to deploy this technique to char-
acterise corrosion products, although not iz situ. The surface of the steel coupon
retrieved from the inhibited solution is usually cleaned, and the thin inhibitor film
is gently removed. The removed film is therefore tableted with KBr and analysed by
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Figure 2.

(a) Typical UV-Vis spectra before and after immersion of X80 steel in 1 M HCI containing a corrosion inhibitor
and (b) FTIR spectra of a pure corrosion inhibitor and adsorbed inhibitor film after immersion.
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FTIR to obtain a spectrum. This is also repeated using the pure inhibitor material
and another spectrum is obtained. Both spectra are often compared and shifts in
position of peaks corresponding to vibrational frequencies of associated functional-
ities are used to predict the mechanism of interaction between the inhibitor and the
steel surface [24, 25].

The experimental peaks are often matched with standard IR charts such as
that of NIST or Sigma Aldrich. Example of FTIR spectra for a nanoscale bio-based
corrosion inhibitor evaluated in 1 M HCl is shown in Figure 2b. More information
on the prediction of the associated functional groups based on the obtained spectral
information is provided in the following application section.

3.4 XRD spectroscopy

XRD provides information on the atomic and molecular structure of crystalline
materials. It achieves this by observing the interference patterns resulting from the
elastic scattering of X-rays on crystal planes. Recently being deployed for monitor-
ing corrosion and corrosion products analyses, the technique involves scanning the
surface of cleaned steel specimens retrieved from inhibited and uninhibited solu-
tions [26]. Since Fe is the main composition of steel, the intensity of Fe obtained in
the absence of the inhibitor is expected to be higher. In a recent report, Obot and
co-workers observed that the intensity of Fe (100) peak obtained in the presence
of inhibitors was lower than without inhibitors. They inferred that the adsorption
of the CIs block off the Fe (110) reactive sites, making it less detectable during the
XRD characterisation.

3.5 EDAX spectroscopy

Another X-ray technique used to detect corrosion products is the EDS. The
surface of a cleaned steel specimen is scanned and the elemental composition
on the surface is profiled. Without and with the corrosion inhibitor, the spectral
features, percentage composition or abundance of desired elements could be
compared. Comparison enables researchers to observe which element has increased
in composition or has decreased. The data are therefore correlated to predict the
mechanism of interaction between the surface-adsorbed inhibitor and the sub-
strate. For instance, in Figure 3a, the EDS spectral features of X80 steel immersed
in 1M HCl is shown, while the one immersed in 1 M HCl containing a particular
organic inhibitor (name withheld) is shown in Figure 3b. The differences in the
spectral profiles have been used to describe the corrosion process in the following
application section. Although many recent researches have deployed this method
for mechanistic determinations, EDS is considered not sensitive for predicting the
interactions of functional groups, except only the elemental composition.

3.6 AAS spectroscopy

When a steel coupon is immersed in a corrosive medium over a duration of
time (t), the amount (or concentration) of iron leached into the medium can be
determined by AAS. With this, the corrosion rate can be estimated. Suppose this is
repeated in the presence of inhibitor compounds, then the corrosion inhibition effi-
ciency can be determined in relation to the uninhibited solution [27]. The surface of
the steel is prepared by following a standard method. After immersion, cleaning
of the surface is not necessary as the analyses are carried out on the resulting
solution containing the corrosion products. AAS presents a kind of ix situ method
for monitoring corrosion whereby aliquots of medium (during the progress of
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Figure 3.
EDS spectra showing the composition of Fe, C, N, O and Cl on X80 steel surface after immersion in (a) 1 M
HCl and (b) 1 M HCI containing an ovganic corrosion inhibitor.

corrosion) may be taken at regular time interval and analysed. It could be possible
to kinetically determine the order and rate constants using this technique. However,
it is not often reported because it is regarded as insensitive since only the concentra-
tion of iron is used for calculation, whereas other leached metals that constitute the
steel are not considered.

3.7 XPS spectroscopy

X-ray photoelectron spectroscopy or electron spectroscopy for chemical analyses
(ESCA) is one of the essential tools in corrosion analyses nowadays. With XPS, the
composition of a surface and the thickness of a film can be quantitatively estimated
[28]. Being non-destructive on the specimen, it can also be used to probe the composi-
tion of the steel surface under the surface film. Typical escape depths of XPS experi-
ments are estimated at ca. 3 nm at maximum, with the photoelectrons accelerated at
kinetic energies of 100-1500 eV under nitrogen purging. With this, only information
on thin surface region may be obtained and in the form of chemical shifts correspond-
ing to different chemical states [29]. Results often generate two types of spectra. The
first is called the survey spectrum which shows all the elements present on the speci-
men surface. The second is often called the deconvoluted spectrum which is used to
correlate the type of bond present based on the characteristic binding energy obtained.

4. Application of spectroscopy in corrosion analyses

Spectroscopy plays an important role in corrosion analyses, especially as
information on the mechanism of interaction can be derived from a single or
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combination of spectroscopic data. For instance, in the study of corrosion inhibi-
tion of X80 steel in 1 M HCl using L-theanine as corrosion inhibitor, the mechanism
of interaction between the surface and inhibitor was described using FTIR in addi-
tion to other quantities such as binding/interaction energy [30]. FTIR results also
supported quench molecular dynamics computations and provided insights into the
possible adsorption sites at both molecular level and experimentally.

When a protective film is formed by a corrosion inhibitor on the surface of it
its substrate, the interaction between the film and the surface is usually facilitated
by some active groups in the inhibitor. Usually, the spectrum of the pure inhibitor
will be different from that of its surface film. The peaks corresponding to some
active groups could disappear, broaden, sharpen or shift to higher or lower wave
numbers [31, 32]. The obtained spectra for pure LTN and its surface film are shown
in Figure 4 [30]. The sharp prominent peaks around 1100 cm™" were assigned to
C—O0 or C-N stretch. This peak shifted to 1055 cm™", indicating that there could
have been slight modification due to its involvement in the adsorption process.
Similarly, shifts and changes in intensity can be observed with peaks at 1360-1630
and 2930 cm™" which were assigned to C—O stretch, C=0 or N-H stretch and O-H
or C—H stretch, respectively. It was inferred that such shifts signify that C=O, N-H
or O—H sites may have been active in interacting with the steel surface, which could
have resulted in the modification of the spectral properties. More conspicuously,
the peak at 3460 cm ™ assigned to —N—H amine or —O—H (intermolecular bond)
was found to become very broad after adsorption, a clear evidence that the sites
could have been modified after taking part in the adsorption.

EDS has been widely used to profile steel surface and its corrosion products
[33] in addition to FTIR. The spectrum in Figure 3a represents the mapped entire
surface of a highly corroded surface retrieved from 1 M HCI (Figure 5a), whereas
the spectrum in Figure 3b profiled the highlighted section on the surface retrieved
from the inhibited solution (Figure 5b). To make proper meaning, the percentage
compositions of the respective elements on the surface are displayed in Table 1.

From results presented in Table 1, the surface is very rich in C and Fe, which
are the main elements in steel as well as O perhaps due to the oxidation of surface.
This can be confirmed from the higher amounts of Fe, C and O obtained with the
uninhibited system. Interaction of surface species with chloride ions in the HCI
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Figure 4.
FTIR spectral profiles of pure LTN, and LTN thin film formed on X80 steel surface [30].
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Figures.
Surfaces of X80 steel profiled by EDS.

Element Uninhibited Inhibited

Apparent conc. Wt.% Atomic % Apparent conc. Wt.% Atomic %
C 5.08 12.29 26.01 129 2.52 827
N 0.03 0.12 0.18 0.07 0.26 0.23
Cl 0.46 0.39 0.44 0.23 0.04 013
0] 12.98 017 1217 3331 13.02 32.10
Fe 150.98 87.03 61.20 89.94 84.16 59.27

"Results of ongoing research (unpublished) by Ekemini Ituen.

Table 1.
Elemental composition of the profiled X8o steel surface vetrieved from (a) uninhibited and (b) inhibited 1 M
HCl solution.

medium also resulted in some amounts of Cl being found on the surface. However,
on addition of the organic inhibitor which contains C=C, N and O in its molecular
structure, a thin film was formed on the surface which protected it from excessive
corrosive attack. This resulted in the reduction in the amounts of C, Cl and Fe ‘seen’
on the surface due to the ‘blanketing’ effect of the inhibitor. Instead, the amounts O
and N on the surface increased which could have come from the adsorbed inhibitor
species. In some reports, the amount of C was found to increase [34, 35], and it was
attributed to involvement of C=C sites in the adsorption process.

During the evaluation of a benzimidazole derivative (BPMB) as alternative
carbon steel corrosion inhibitor in CO,-saturated brine solution, the steel surfaces
in the uninhibited and inhibited media were analysed by XRD [26]. Obot and
co-workers report that the most prominent diffraction peaks were observed at
20 = 44.9° and 20 = 65° assigned to Fe (110) and Fe (200) crystallographic phases. Fe
(110) plane, being the predominantly oriented and stable plane in steel, showed the
highest frequency in the absence of BPMB as shown in Figure 6a. On introduction
of BPMB to the corroding medium, the intensity of the Fe (110) peak diminished
(Figure 6b) due to adsorption of BPMB. It was implied that the adsorption of cor-
rosion inhibitors blocked the Fe (110) reactive sites, making it less detectable during
XRD characterisation [26].

In Figure 7a, a survey spectrum of X80 steel retrieved from 1 M HCl solution
and inhibited by the plant extract-mediated silver nanoparticles as analysed by XPS
is shown. Analyses of the spectrum with prejudice to Fe shows the presence of C
(1s), N (1s), Ag (3ds), O (1s) at atomic percentages of 68.45, 0.64, 0.14 and 30.76%,
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XRD diffraction pattern of X60 steel retrieved from (a) uninhibited and (b) inhibited acid solution [26].
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(a) Survey spectra for the adsorption of onion peel extracts and silver nanoparticles on X80 steel surface in 1 M
HCIl, and representative spectra for (b) O (1s) and (c) C (1s).

respectively. However, the survey spectrum of the steel surface in the absence of
the inhibitor (not shown) yielded no Ag and no N atoms and also lower percentages
of C and O on the surface. These demonstrate that the silver nanoparticles were
adsorbed on the steel surface, hence the appearance of Ag. The Ag was coordinated
to phyto-compounds from the plant extract possibly by means of C=C, C-O, C-N,
O-H and C=O sites which enhanced their adsorptive binding on the steel surface.
The deconvoluted spectra are illustrated for the C and O associated with the surface
as shown in Figure 7b and c.

Recently, plant-mediated nickel nanoparticles (Ni-EtNPs) have been demon-
strated as highly efficient corrosion inhibitor for X80 steel in 1 M HCI [4].
Electrochemical impedance spectroscopy (EIS) was used to probe the corrosion
progress and kinetics. It was observed that it took between 300 and 1200 s for OCP
to stabilise (Figure 8a) depending on the test solution studied. Nyquist plots
(Figure 8b) yielded depressed semicircles whose diameters increased as concentra-
tion of the Ni-EtNPs increased. All the curves showed one relaxation time constant,
demonstrating that corrosion mechanism was the same charge transfer-controlled
corrosion process in all the test solutions. As Ni-EtNPs increased, the diameter of
the depressed semicircle increased corresponding to an increase in charge transfer
resistance. The increase in charge transfer resistance was attributed to be caused by
adsorption of a thin film of Ni-EtNPs on the steel surface, and hence corrosion
inhibition. The possible scenario at the electrode-film-solution interfaces was
modelled by using the equivalent circuit, which is composed of the solution resis-
tance (R,), film resistance (R f) , charge transfer resistance (R,) and two constant
phase elements (CPEs). On analyses using Gamry E-Chem software, the associated
parameters (Table 2) were obtained.

The obtained values of R, increased as concentration of Ni-EtNPs increased
signifying that the coverage, number of adsorbed species and corrosion inhibition
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(a) OCP - Time plot, (b) Nyquist plot with equivalent electrical civcuit embedded and (c) bode modulus plot
with phase angle plot embedded for the corrosion of X80 steel in 1 M HCl inhibited by various concentrations of
Ni-EtNPs at 25°C [4].

increased as concentration increased. The adsorbed Ni-EtNPs species were consid-
ered to have formed a surface film with resistance denoted by R s which also
increased with increase in concentration. By implication, there was increase in the
local dielectric or insulation within the region of the surface as a result of adsorp-
tion of inhibitor film. As more inhibitor molecules were adsorbed, water molecules
were being displaced from the surface leading to decrease in active corrosion sites
and reduced corrosion rate. Bode and phase angle plots extracted from obtained
impedance data are shown in Figure 8c. Values of resistances obtained were consis-
tent with the serial arrangement R = R, + R, and were compared to using a crude
extract as corrosion inhibitor.
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5. Conclusion

Spectroscopic techniques play key roles in determining monitoring corrosion,
analysing corrosion products and predicting mechanism of inhibitor-surface inter-
actions. EIS provides iz situ information on corrosion rate, corrosion mechanism,
charge transfer resistance and double-layer kinetics. UV-Vis provides information
on possible formation of a complex between the inhibitor and metal ions from the
steel surface signalled by electronic transitions. FTIR and EDS afford information
on possible active functionalities on the inhibitor that binds at the surface’s active
sites, backed up by XPS results. Thus, a combination of the various spectroscopic
techniques discussed could be superb for characterising the inhibition of corrosion
of steel by a given inhibitor in the acidic oilfield environment.
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Chapter 8

Kinetics and Structure Aspects
of the Dissolution of Stainless
Steels in Phosphoric Acid

Michael Schorr, Benjamin Valdez, Margarita Stoytcheva
and Roumen Zlatev

Abstract

The dissolution of metals in acids is a heterogeneous electrochemical reaction,
taking place at the interface between a solid and a liquid, described in terms of
energy and configuration of the species involved. The energy of activation for two
stainless steels (SSs) in phosphoric acid (PA) was determined from their corrosion
rates in the temperature range of 20-120°C, applying the Arrhenius equation.
Energy of activation values for the overall process of anodic metal dissolution and
cathodic hydrogen release is in the 10-20 Kcal mol * range. Metal corrosion is a
structure-sensitive process; its mechanism and rate are related to the density of
surface defects, based on the Boltzmann expression. A model for the activated
complex is proposed based on considerations of energy and configuration. This
work is an integration of a theoretical analysis and an experimental investigation of
metal corrosion in acids.

Keywords: phosphoric acid, stainless steel, dissolution, kinetics, surface structure

1. Introduction

Acids are broadly applied in many industries: chemical, fertilizer, steel,
mineral, water, oil, food, etc. [1]. The acidic properties of their ionized, aqueous
solutions are due to the presence of hydrogen ion H" and its complexed form
hydronium ion H30".

Phosphoric acid (PA), H3POy,, is an industrial acid used as an intermediate in the
fertilizer industry, for metal surface treatment, and as an additive in the food and
beverage industry [2-4]. PA, a polyprotic acid, was selected for this study since it
is a nonreductant, nonoxidant acid, to avoid the complication of oxidation and
formation of oxides on the metallic surface.

Corrosion rates (r) of austenitic stainless steels (SS) in concentrated PA, in the
presence and in the absence of halides, have been determined by weight loss and
the corrosion behavior by electrochemical measurements, in the 50-120°C
temperature range.

The dissolution of metals in solutions of acids is a heterogeneous electrochemical
reaction. Initially, two phases coexist—a solid and a liquid—but as the reaction
starts, a third phase appears, hydrogen gas, evolving from the surface of the metal.
The kinetics of the dissolution process depends on the collision between the
solvated protons and the “active sites” on the metallic crystal surface, promoting
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anodic dissolution. The dissolution rate increases with temperature in accordance
with the empirical Arrhenius equation:

r=A exp.(—E,/RT) 1)

where r is the metal dissolution reaction rate, A the frequency factor, T the
absolute temperature, R the gas constant in calories, and E, the activation energy.
According to the rate process theory [5-7], any process may be described in terms
of energy and configuration of the species involved. In the transition from the
unstable metallic crystal-acid system to the stable system of solvated metallic
cations and anions, the reaction passes through the activated complex which is in
dynamic equilibrium with the reactants:

M + HA < [X}* — MA + ¥H 1 @)
metal crystal  solvated acid activated complex solvated salt hydrog;u gas
For iron in orthophosphoric acid, the overall reaction is:
Fe + 2H3PO4 — Fe(H2P04)2 + Hz']\ (3)

The reaction rate, in terms of enthalpy of activation (AH*) and entropy of
activation (ASY), is expressed as:

r = (RT/Nh) exp.(—AHx /RT) exp.(ASx* /R) (4)

where N is the Avogadro number and h is the Planck constant.

2. Experimental

Laboratory immersion corrosion tests were performed in accordance with the
practices recommended in ASTM Volume 03.02 [8]. ASTM G 31 standard [9] was
applied for mass loss tests, and the electrochemical parameters were measured and
reported following ASTM G 3 [10] and G 5 [11] standards. Reagent grade PA and
halide acids were utilized, for preparing PA solutions. Two SS, currently used in PA
applications, were tested; their chemical composition is shown in Table 1.

Corrosion rates of austenitic SS in concentrated PA, in the presence and in the
absence of halides, have been determined by weight loss measurements in the
50-120°C temperature range. The data obtained were plotted in accordance with
the Arrhenius equation:

log r = logA-E,/(2.3RT) (5)

Plots of log r vs. 1/T yield satisfactory straight lines and the values of E, lie in the
range of 10-22 Kcal mol %, the particular value depending on acid concentration
and content of halide.

UNS* Chemical composition, %
Cr Ni Mo Crnax
S 30400 18-20 8-12 — 0.08
S 31600 16-18 10-14 2-3 0.10
Table 1.

Austenitic stainless steels tested.
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UNS Acid concentration, % Temperature, °C Potential, V Current density, mA
cm?
Eop Ep Ep ferie i,
S30400 70 20 0.14 — — — —
S 31600 70 20 0.15 — — — —
S 30400 70 80 0.17 — — — —
S30400 85 120 -027 —-0.04 022 12 0.14
S 31600 85 120 -0.19 -0.14 -0.05 0.74 0.20
S 30400 95 120 -0.27 -0.12 -0.05 2.0 0.002
Table 2.

Electrochemical parameters of stainless steel—H;PO,,.

The kinetics of dissolution was studied also by electrochemical methods. Mea-
surements were made of electrode potential at zero current as a function of immer-
sion time, and the potential-current relationship was determined by potentiostatic
and potentiodynamic techniques.

1.The concentrations of the PA tested are 70, 100, and 85% (see Figure 2 and
Table 2), and pure PA prepared from PA grade analytical reagent distilled
water was used.

2.The halides tested were F, Cl, and Br.

3.Their concentration in PA was 1000 ppm.

3. Results and discussion
3.1 Kinetic and thermodynamic studies

The effect of temperature on the corrosion rate, in accordance with the Arrhe-
nius equation, is shown in Figure 1.

E

Nﬂ! 120 100 a0 1] C
= 7 I | | :

= 70% HPO,

g 91 1

E 1. UNS S 30400
g 9 2. UMS S 31600
=

= 10

=

E A1 4

—

5 -12 T T I I I T

= 24 25 25 27 2% 283 300 34

10% /T, K

Figure 1.
Variation of the corrosion rate of UNS S 30400 and S 31600 with temperature in PA.
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The enthalpy of activation AH* and the entropy of activation AS* were calcu-
lated by comparison of equations (1) and (4). The free energy of activation AG* was
calculated from the expression:

AGs* = AH# — TAS * (6)

Selected kinetic and thermodynamic values are illustrated in Table 3. This table
also shows the influence of the halide ions F-, Cl-, and Br- on the corrosion rate,
which was added to PA as halide acids: HF, HCl, and HBr. The halide concentration
in PA is 1000 ppm.

The electrochemical behavior of several steels in PA solutions is graphically
illustrated by current density-potential plots (Figure 2). The following electro-
chemical parameters are located: open-circuit potential (Eqp.), critical current den-
sity (icrit), primary passive potential (Epp), passivation current density (i),
passivation potential (E;), and transpassive potential (E.) [10, 11].

The corrosivity of pure phosphoric acid solutions increases with the increase in
concentration to about 60% PA, and then it is reduced with further increase in
concentration. This behavior parallels the H+ concentration, which increments with
the increase in acid concentration to about 50% PA and then decreases as the

UNS $ 30400 S 31600
Halide — F~ cl- Br~ — F~ cl- Br~
Corrosion rate 110 225 2600 110 25 20 70 10
(mdd)*
E,, Kcal mol™* 23 168 12.6 10.9 15.4 11.6 15.5 122
Activated atoms,  18.0 4.2 x 10* 1.8 x 107 2.1x 10° 32 x 10° 7.4 x 10’ 2.8 x 10° 1.6 x 10°
atoms cm 2
AS*, cal 4.0 556 63.0 75.0 64.5 75.8 62.1 64.0
deg. ™ mol™*
AG, Kcal mol ™! 36.4 357 34.1 37.5 37.7 36.8 34.1
Table 3.

Kinetic and thermodynamic values for corrosion of stainless steel in 70% H;PO, containing 1000 ppm halide
at 80°C.

1.25 E——
z Er
> 2 3
ui 1.00 1. Carbon steel / 70% H-PO,
8_ 08 4,5 2. S 30400 / 70% H,PO, + 1000 ppm CI
£ 3. S 30400/ €316 / 70% H;PO,
= 050 4. S 30400 / 100% H:PO,
| =
e asell 5. Ta /85 % H,PO,
(=3 E l
=
2 ooof 2 * Enp
g 3 " i
by < 2 lenit
025 r
1 1 1

10? 10 10° 10'
Current density, mA cm™

Figure 2.
Anodic potentiodynamic polarization plots in H;PO, at 20°C, showing typical corrosion behavior.
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equilibrium in concentrated acid shifts to the left with further increase in acid
concentration [12]:

H3PO4 A H+ + H2P047 (7)
3.2 The energy of activation

The values of activation energy obtained for different SS-PA systems lie between
10 and 22 Kcal mol '; the values of activation entropy are in the range of —42 to
—75 cal deg™" mol " and those of free energy of activation in the range of 34-38
Kcal mol .

The energy of activation for the overall process of cathodic release of hydrogen
from acids on different metals is in the 10-20 kcal mol * range [12, 13]. This
indicates that in the dissolution of steel in phosphoric acid, and probably in metals
dissolving in strong mineral, non-oxidizing acids, the hydrogen evolution reaction
constitutes the rate determining step of the overall dissolution reaction:

M +2H" — M*" + H, 1 (8)
3.3 The influence of halides on corrosion

The corrosion activity of S 30400 and S 31600 in 70% PA starts at about 60°C
and 80°C, respectively [14]. Up to these temperatures, they exhibit a passive state,
but with increase of temperature, breakdown of passivity occurs. The potential
becomes active and an intense corrosion process is established. The values of elec-
trochemical parameters indicating corrosion in halide-containing PAs change, in
accordance with their respective corrosion rates (Tables 2 and 3).

Halogen acids HX were added to PAs to augment their corrosiveness; in partic-
ular, addition of HCl results in markedly increased corrosion rates. The corrosivity
of these halogen acids and their ions, in strong mineral oxygen acids such as PA, is
related to the halogen physicochemical properties, their electronegativity, ion size,
and ionic character of the HX molecule, which indicate their chemical reactivity.
Cl™ ion is adsorbed on metal surfaces and replaces adsorbed oxygen or water
molecules. This shifts the metal potential to more active (electronegative) values
and causes breakdown of the passive state, mainly in concentration higher than 70%
at 120°C (Table 2). During attack on SS, chlorides of Fe, Ni, and Cr are formed;
they are highly soluble in PA because of its complexing cations of the transition
group elements.

The corrosivity of halide ions diminishes in the order F~ > Cl™ > Br™ in 30% and
50% PAs in accordance with their chemical activity. In 70% and 85% PAs, however,
the corrosivity of halides is in the order CI” > F~ > Br™. This result reflects the
formation of stable monofluorophosphoric acid, which complexes F~ and decreases
its corrosivity. The following equilibrium is established:

H3PO4 + HF < H,PO4F + H,0 9)
3.4 Electrochemical corrosion behavior

Typical types of corrosion behavior shown by anodic polarization plots (1)-(4),
locating their electrochemical parameters, are displayed in Figure 2.

Active corrosion behavior of carbon steel is shown in plot 1; plot 2 traverses
three regions of corrosion behavior: active, passive, and transpassive, the last indi-
cated by the appearance of a yellow color in the colorless PA solution, due to the
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presence of CrO,”", generated in the oxidative dissolution of SS and corroborated
by chemical analysis. Plot 3 starts with passivity; transpassivity appears at E; about
1.00 V, but a total passive state is maintained in 100% PA (plot 4). The electro-
chemical behavior of SS in PA is related to acid concentration and temperature. The
presence of halide ions in PA accelerates the corrosion, the increase in rate being
dependent upon the halide chemical nature and content (Tables 2 and 3).

Ta is used for equipment handling hot, concentrated PA due to its high corrosion
resistance.

3.5 The activated complex structure

Based on considerations of energy and configuration using the values of
enthalpy, entropy, and free energy of activation from equation (6), the structure of
the activated complex may be described as an association between the atoms
undergoing corrosion on the metal surface and the hydronium ions. This associated
configuration conforms to the negative and relatively high values of the entropy of
activation which is typical of chemical reactions involving dimerization or associa-
tion of reactant molecules. This conclusion concurs with the fact that protons and
corrosion-promoting ions such as chloride are adsorbed on the metal surface and
accelerate the corrosion process. Furthermore, these values are characteristic of
slow reactions such as the corrosion of stainless steels in non-oxidizing acids.

Taking into account these considerations, a model for the activated complex of
the overall metal dissolution reaction is proposed:

MM +2zH,0'= [MM -(OH,)!']* = M+M(OH,)!' +2He

meetal hadk orusum actrvated nascent  hvdrated adsorbed
wrface 1on complex metal netal hvdropen
wriace 10t Ao
(10)
2Hyq — Ha (11)

The positive values calculated for the free energy of activation (6) are a measure
of the energy required to form the activated complex and its instability. On the
other hand, in the corrosion process:

AG = AH-TAS (12)

where AH is the heat of reaction of an exothermic reaction and therefore nega-
tive, and AS is the entropy of the irreversible corrosion process, which results in an
increase in the degree of disorder and therefore is positive. Consequently, the free
energy (AG) has a negative value expressing the spontaneity of the corrosion
process of metal in acids and its acceleration with the increase in temperature.

3.6 Activation and active sites

Experimental values of activation energy for metal dissolution in acid solutions
are frequently reported in the literature. For instance, for Ni dissolution [15], the
values lie between 10.5 and 21.1 kcal mol %, and values for other metals are similar
[16-20]. It is interesting to speculate why no greater values have been reported. The
answer can be found from consideration of the Boltzmann expression [18]:
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n,/n = exp.[—E,/(RT)] (13)

where n is the total number of metal atoms per surface area unit and n, the
number of “activated” metal atoms having energies greater than E, and therefore
able to undergo dissolution. In a metallic crystal, the number of atoms per cm? of
surface area may be taken as ca. 10% [18], hence:

log n, = 15-E, /(2.3 RT) (14)
For instance, at 100°C,
log n, = 15-E, /1720 (15)

and if E, is 25.8 kcal mol %, n, = 1 at cm 2. Since the density of active sites is
108-10" cm 2 for different cases [18], E, values of about 25 kcal mol ™ or greater
are unreasonable.

Metallic corrosion is considered as a structure-sensitive process, and its mecha-
nism and rate have been related to the density of surface imperfections or defects
[18, 21-26]. Continuing with calculations based on the Boltzmann expression, the
density of active sites n, in a metal undergoing dissolution with an activation energy
0f 10.0 kcal mol 1 is 1.3 x 10° at cm 2, and it is 1.7 x 10° at cm 2 when the
activation energy is 15.0 kcal mol ". The similarity between these n, values and the
density of defects in metals—for instance, 10° to 108 dislocations cm 2 in a well-
annealed metal [26-28]—strongly suggests a quantitative relationship between
metal dissolution and density of surface defects.

4. Conclusion

Corrosion rates and electrochemical behavior of austenitic stainless steels UNS S
30400 and S 31600 in PA solutions, with and without halide ions, have been
determined in the 20-120°C temperature range. The energy of activation E, for the
dissolution of these SS in PA solutions was obtained in accordance with the Arrhe-
nius equation. The values of E, for different SS-PA systems lie between 10 and
20 kcal mol . Calculations based on the Boltzmann expression, taking into account
the activation energy, the total number of metal atoms, and the number of “acti-
vated” metal atoms, both per surface area unit, strongly suggest a quantitative
relationship between metal dissolution and density of defects in metal’s surface.
Based on considerations of energy and configuration, using the values of energy,
entropy, and free energy of activation, a model for the activated complex of the
overall metal dissolution reaction in acids is proposed.
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Chapter 9

Production of Hydroxyapatite on
the Surface of Ti6Al7Nb Alloy as
Compared to Ti6Al4V Alloy

Elinor Nahum, Svetlana Lugovskoy and Alex Lugovskoy

Abstract

Ti6Al4V is very commonly used for the production of dental implants. Titanium
alloys whose mechanical and corrosion properties are equal or better than those of
Ti6Al4V might present interest as plausible future materials, too. Ti6AI7Nb alloy
was tested and compared to Ti6Al4V in this work. Samples of both alloys were
oxidized in a water solution containing calcium acetate (Ca(CH3C0OO),) and cal-
cium glycerophosphate (Ca(PO4CH(CH,OH),)) by Plasma Electrolytic Oxidation
(PEO) for 20 min. After that, the samples were hydrothermally treated (HTT) in
water (pH = 7) and in potassium hydroxide (KOH) solution (pH = 11) for 2 hours at
200°C in a pressurized reactor. The content and morphology of hydroxyapatite
(HA) layers formed on the surface of both alloys after the PEO and subsequent HTT
treatments were studied. The surface morphologies, elemental composition, and
phase components were characterized by Scanning Electron Microscopy (SEM),
Energy Dispersive Spectroscopy (EDS), and X-Ray Diffraction (XRD), respectively.
The surface roughness was measured by Atomic Force Microscope (AFM), and
thickness measurements were made by SEM and thickness gauge. Corrosion mea-
surements were performed for the comparison of the corrosion behavior of the two
alloys.

Keywords: Ti6Al4V, Ti6Al7Nb, plasma electrolytic oxidation (PEO), hydrothermal
treatment (HTT), hydroxyapatite (HA)

1. Introduction

Titanium alloys are often used for the production of various tools or devices to
be implanted into a human body: artificial joints, blood vessel prostheses, dental
implants, and so on. Of the most popular titanium alloys in that field are Ti6Al4V
(Titanium grade 5) and Ti6Al4V-ELI (Titanium grade 23), which both have rela-
tively low Young moduli, compatible with that of the bone issues, good fatigue
strength, and excellent corrosion resistance in physiological environments [1]. A
layer containing mainly Titania (TiO,) is formed spontaneously on the surface of
Titanium alloys. Not only does this layer protect the alloy against corrosion, but it
also favors their integration with living tissues, that is, osseointegration [2].

Other titanium alloys having suitable properties might present both theoretical
and applied interest as the novel materials for medical device production. A
Niobium-containing Ti6Al7Nb is one of such alloys. The corrosion behavior of
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Ti6Al7ND in the simulated body fluid (SBF) was studied by Rajendran et al. and was
found comparable or better than that of Ti6Al4V-ELI [3].

While the bioinertness (including corrosion stability) of titanium alloys is high
enough, their readiness to osseointegration leaves much to be desired [1]. One of the
plausible strategies allowing a considerable improvement in the osseointegration of
titanium alloys is the production of a layer of Hyfroxyapatite (HA) [4] on their
surface. Being a mineral constituent of the bone tissue, Hydroxyapatite is an ideal
binder between the metal and the living body.

In this study, the surface modification aiming at the production of HA on the
surface of Ti6Al4V and Ti6Al7Nb was made by using Plasma Electrolyte Oxidation
(PEO), which is a simple technique for producing hard and rough coating having
numerous micro-pores [5, 6]. Using that technique, the insertion into the coating of
such elements as calcium and phosphorous may be performed by just adding them
to the electrolyte in a suitable form. A PEO layer may also present a diffusional and
sorption barrier to the release of metal ions into physiological liquids, thus improv-
ing the bioinertness of the core metal [7]. PEO coatings often have good adhesion to
the metal even if the implant geometry is complex such as screw-shaped implants
[8, 9]. PEO by itself does not cause the growth of HA crystals, rather a specimen
needs an additional hydrothermal treatment (HT) [4].

The aim of this study is to compare the efficacy of the production of HA on the
surfaces of Ti6Al4V and Ti6Al7Nb by PEO and the subsequent HT.

2. Experimental

Ti6Al4V samples of 40 mm x 20 mm x 1 mm size and Ti6Al7Nb samples of
40 mm x 20 mm X 3 mm size were cut by laser and grounded by 150, 360, 600, and
1000 grid silicon carbide (SiC) papers. The specimens were rinsed in distilled water
and acetone in an ultrasonic cleaner for 5 min. The PEO was performed by the
50 Hz sinusoidal AC current in an electrolyte containing 0.25 M calcium acetate and
0.06 M calcium glycerophosphate in distilled water at the current density of 4A/
dm? for 20 min. The PEO process occurred in a water-cooled stainless-steel con-
tainer serving as the counter electrode, equipped with a mechanical stirrer. After
the completion of the PEO process, the specimens were washed in distilled water
and dried on air. After that, the specimens were hydrothermally treated in distilled
water or in a KOH solution at 200°C in a pressurized reactor for 2 hours. The
pressure during the treatment was 13-15 bar.

The surface morphology and elemental composition were characterized by
scanning microscope electron (SEM) TESCAN MAIA3 TriglavTM equipped with
AZteq Oxford energy dispersive spectroscopy (EDS) analyzer. X-Ray diffraction
(XRD) Rigaku, SmartLab X-RAY DIFRACTOMETER using Cu-Ka radiation
(A = 1.54 A) in the range of 15-65° angles with a step 0.02° was used to characterize
the phase components of the substrates and coating. The thickness of the coatings
was measured by ElektroPhysik MiniTest 730 thickness gauge based on eddy cur-
rent principle by an average of 10 measurements. Focused ion beam (FIB) tech-
nique FEI Helios NanoLab™ 600 DualBeam was used for the production of cross-
sectional area on a specimen to be further characterized by SEM-EDS. Surface
roughness of the samples was evaluated with atomic force microscope (AFM)
Bruker’s Dimension FastScan with ScanAsystTM using the contact mode.

The corrosion resistance was determined on an IVIUMnSTAT potentiostat by
electrochemical polarization methods, namely Linear Polarization Resistance (LPR)
and Tafel Slope Extrapolation (TSE) using a three-electrode cell, where an Ag|AgCl
electrode served as the reference electrode, and a platinum wire was the counter
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electrode. All the corrosion tests were performed in Hank’s solution [10] and a
simulated saliva solution [11], whose chemical compositions are given in Table 1.
The pH of the electrolytes was 7, and the temperature was maintained at 36.5°C.

3. Results and discussion

The surface of both titanium alloys after the PEO has the typical for that tech-
nique microstructure characterized by microscopic pores scattered randomly across
the surface. Cracks seen on the surface are more pronounced for Ti6Al4V
(Figure 1).

After the hydrothermal treatment, the surface has changed. If the HT is
performed in distilled water at pH = 7, Ti6Al4V surface is characterized by grainy
HA crystals on the surface and very small needle-like HA crystals inside the pores
(Figure 2a). Unlike that, numerous HA platelets are observed both inside and
outside the pores on the surface of Ti6AI7Nb (Figure 2b). If the HT is made at
pH = 11, the surface of Ti6Al4V is covered by ununiform plates of significantly
larger HA crystals inside and outside the pores (Figure 2c). Ti6AI7Nb surface

Hank’s solution [10] Saliva solution [11]

Composition, g/L Reagent Composition, g/L
CaCl,»2H,0 0.185 MgCl,-6H,0 0.059
MgSO.4 0.09767 KCl 0.625
KCl 0.4 KH,PO, 0.326
KH,PO, 0.06 K,HPO, 0.804
NaHCO; 0.35 CaCl,-2H,0 0.166
NaCl 8.0 C3Hg03 2.00
Na,HPO, 0.04788 Sodium carboxymethyl cellulose 10.0
Glucose 1.0

Table 1.
Chemical composition of Hank’s and simulated saliva solutions.

Figure 1.
Back scattered electrons SEM images of the sample’s surface after PEO, x10,000: (a) Ti6Al4V and
(b) Ti6Al7Nb.
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Figure 2.
Surface morphologies after hydrothermal treatment, BSE SEM X10,000; X30,000 in the insevts: (a) Ti6Al4V
pH = 7; (b) Ti6Al7Nb pH = 7; (c) Ti6Al4V pH = 11; and (d) Ti6Al7Nb pH = 11.

contains large plates of HA inside the pores and a mixture of grainy and needle-like
crystals outside the pores (Figure 2d).

After the completion of the PEO + HT treatment, the surface layers were par-
tially ablated by FIB, so that the ‘cross-sectional’structure could be seen (Figure 3).
As is seen in Figure 3, there is an approximately 1 pm porous PEO oxide layer on the
surface of the alloys. The oxide layer has partially amorphous and partially fine
crystalline structure (region ‘b’ in the image); above that, an approximately 1 pm
hydroxyapatite layer (region ‘c’ in the image) consisting of larger crystallites is
present. The thicknesses of the oxide and hydroxyapatite layers may vary from one
specimen to another, while their structure remains the same.

The elemental compositions of the surfaces obtained by EDS are given in
Table 2. The presented chemical composition is the average of three-point mode
analysis, and standard deviations are displayed. The stoichiometric Ca/P ratio for
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Figure 3.
A typical FIB-ablated cross-sectional structure of the surface: (a) titanium alloy substvate, (b) PEO porous
layer, and (c) hydroxyapatite layer.

Ti Al NborV o Ca P Ca/P
Ti6Al4V, PEO 151+01 1.6+0.0 06+0.0 633+02 86+0.0 57+00 151
Ti6Al7Nb, PEO 105+05 1.2+0.0 04+00 581+06 75+01 46+0.0 1.63

Ti6Al4V, HT pH = 7 17.7+19 19+00 3.0+02 648+06 72+04 44+02 164

Ti6AI7Nb, H-TpH=7 179+03 22+01 074+0.1 698+00 50403 46+01 109

Ti6Al4V,HTpH =11 155+4.6 16+07 04+01 599477 11.6+85 58+3.4 200

Ti6Al7/Nb, HTpH =11 145+34 21+0.6 06+0.0 653+53 61+37 51+19 120

Table 2.
Elemental composition (at%, EDS) of the surfaces after PEO and hydrothermal treatments.

hydroxyapatite is 1.67 that was not observed for any specimen, which means that
the surfaces always contain mixtures of various calcium phosphates rather than the
pure hydroxyapatite.

In order to determine the phase composition of the surfaces, XRD spectra were
measured (Figure 4 and Table 3). It can be seen from Figure 4 and Table 3 that for
both alloys no detectable amount of HA is present after PEO. Rather, the surfaces
are covered by the mixture of rutile and anatase. Additionally, the surface of
Ti6Al4V contains a small amount of tricalcium phosphate Ca,(PO,),, which is not
the case for Ti6AI7Nb. After the HT treatment, an HA phase is detected on the
surface of both alloys.

The thickness of the coating was determined by two different methods
(Table 4), namely by using a thickness gauge and measuring the FIB-ablated cross
sections in SEM images. The measurements reveal higher coating thicknesses for
Ti6Al4V than Ti6Al7Nb. Ti6Al4V coating shows also larger and more uneven
thickness for Ti6Al4V than for Ti6AI7Nb.

3D AFM images of Ti6Al4V and Ti6Al7Nb after PEO and hydrothermal treat-
ments are shown in Figure 5. The area scanned was 5 pm x 5 pm, and three sites
were scanned for each specimen. The values of average roughness (R,) for all the
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Figure 4.
XRD spectra acquired from the coatings: (a) Ti-6Al-4 V and (b) Ti-6Al-7Nb.

Treatment Ti6Al7Nb Ti6Al4vV
PEO TiO,-rutile, anatase TiO,-rutile, anatase
Amorphous phase Caz(PO,),
Amorphous phase
HTTpH =7 TiO,-anatase TiO,-rutile, anatase
HA HA
HTT pH =11 TiO,-anatase TiO,-rutile, anatase
HA HA
Table 3.

Phase composition of coating after PEO and hydrothermal treatments.

specimens lie in the range of 50-250 nm (Table 5), and for Ti6Al7ND, they are
higher for all the treatments. As is seen from both AFM (Figure 5) and SEM
(Figure 2) images, a more developed surface with plate-shaped HA crystals inside
the pores and grainy crystals on the surface is formed on Ti6Al7Nb than on
Ti6Al4V. The roughness range of 10 nm to 10 pm is favorable for the
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Tialloy Treatment Average coating thicknessby Average coating thickness by thickness

SEM, pm gauge, pm
Ti6Al4V PEO 6.4+12 9.44+1.0
HTT 85+ 1.0 8.8 +1.1
pH=7
HTT 7.0+ 0.9 9.5+12
pH=11
Ti6Al7Nb PEO 28+ 04 28+0.3
HTT 32+01 24402
pH=7
HTT 3.0+ 0.6 26+ 0.4
pH=11

Table 4.
Thickness of the coatings on Ti alloys.

osseointegration because it is compatible with the sizes of small cells and large
biomolecules [12, 13].

For the determination of corrosion parameters of the alloys, polarization curves
of the specimens in Hank’s solution and in artificial saliva were measured in the
range of 250 mV with respect to the OCP at the scan rate of 1 mV/s. Additionally,
linear polarization measurements (LPRs) were performed in the narrower range of
+10 mV at the scan rate of 0.5 mV/s. The measured values of corrosion current
densities and corrosion potentials are given in Table 6. For some cases (these are
marked gray in Table 6), it was not possible to measure the corrosion parameters
because the systems were too passive.

As is seen from Table 6, all the corrosion potentials that could be measured are
significantly shifted to more noble values after the hydrothermal treatment, so that
the alloy is effectively passivated. No essential difference was observed for the
corrosion potential of the two alloys (at least, when those were measurable).

The values of corrosion current densities are scattered in a quite random manner
and therefore are less informative. We assume that due to the relatively poor
electrical conductivity of both liquids (the WC-CE resistance measured in the cell
was ~10-20 kQ for Hank’s solution and for the artificial saliva, which is at least by
the factor of 1000 higher than for such strong electrolytes as KCI), the precision of
the polarization methods was not sufficient.

4. Conclusions

The morphologies, elemental and phase’s composition, coating thickness,
roughness, and corrosion behavior of Ti6Al4V and Ti6AI7Nb alloys after Plasma
Electrolytic Oxidation and the subsequent hydrothermal treatment at various pHs
were studied and compared. Hydroxyapatite-containing surfaces can be attained by
the two-stage procedure, PEO and HTT, for both alloys.

Thicker, finer, and more uniform oxide layers are formed on the surface of
Ti6Al4V than on Ti6AI7Nb for the same treatment parameters.

The most developed surface with plate-shaped HA crystals was obtained for
Ti6AI7Nb after HTT in distilled water.

The corrosion potentials are significantly shifted to more noble values after the
hydrothermal treatment, so that the alloy is effectively passivated. No essential
difference was observed between the corrosion potential of the two alloys. It was
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Figure 5.
3D AFM images: (a) Ti6Al4V after PEO; (b) Ti6Al4V after HTT pH = 7; (c) Ti6Al4V after HTT pH = 11;
(d) Ti6Al7Nb after PEO; (e) Ti6Al7Nb after HTT pH = 7; (f) Ti6Al7Nb after HTT pH = 11.

PEO HT, pH =7 HT, pH = 11
Ti6AI4V 83.1 115.7 55.4
Ti6AI7Nb 2327 175.3 2347

Table 5.
R, values (nm) for Ti6Al4V and Ti6AlyNb surfaces after PEO and HT treatments.
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Ecorr, mV vs. Ag|AgCl  jeorr, Alem?, LPR  jeor, Alem?, Tafel

Ti6Al4V, PEO Hanlk’s —293 3.76:1077 2.31.1077
Saliva —-303 2.9110°% 2631078

Ti6Al7Nb, PEO Hank’s —403 2.66:10°° 1.3210°°
Saliva Passive

Ti6Al4V, HT pH = 7 Hank’s -151 5161077 2.83107
Saliva -156 2.06-1077 1.02:1077

Ti6Al7Nb, H-TpH=7  Hank’s Passive
Saliva Passive

Ti6Al4V,HTpH =11  Hank’s -112 1.38-10°° 1.2310°¢
Saliva 127 2321077 1.30-1077

Ti6Al7Nb, HT pH =11  Hank’ Passive
Saliva Passive

Table 6.

Corrosion current density and corrosion potentials for Ti6Al4V and Ti6Al7Nb in Hank’s and saliva solutions.

found that the polarization corrosion measurement is not precise enough for both
alloys in Hank’s solution and in the artificial saliva because of the poor conductivity
of both liquids.
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Chapter 10

Biotribology of Mechanically and
Laser Marked Biomaterial

Marcelo de Matos Macedo, Vikas Verma,
Jovrge Humberto Luna-Dominguez and Ronaldo Cdmara Cozza

Abstract

The purpose of present work is to study the biotribological behavior of a
mechanically and laser marked biomaterial. Sliding wear tests were conducted
on ASTM F139 austenitic stainless-steel specimen, with polypropylene and AISI
316 L austenitic stainless-steel balls, as counterbodies. During wear experiments, a
liquid chemical composition was continuously fed between the specimen and the
ball. The coefficient of friction acting on the tribological system “specimen - liquid
chemical composition - ball” and the wear volume of the wear craters were calcu-
lated, and results were analyzed. The results have shown that the biotribological
behavior of ASTM F139 austenitic stainless steel was influenced by mechanical
or laser marking process, and its wear resistance was dependent on the kind of
counterbody.

Keywords: biomaterial, austenitic stainless steel, laser treatment, wear resistance,
wear volume, coefficient of friction

1. Introduction

The “ball-cratering wear test” has gained large acceptance at universities and
research centers as it is widely used in studies focusing on the wear behavior of
different materials [1-20]. Figure 1 presents a schematic diagram of the principle
of wear test, where a rotating ball is forced against the tested specimen and liquid
solution supplied between the specimen and the ball during the experiments.

The aim of the “ball-cratering wear test” is to generate “wear craters” on the
surface of the specimen. Figure 2 presents an image of such crater, together with
an indication of the crater diameter (4) (Figure 2a) and the wear volume (V)
(Figure 2b [21]). The wear volume is determined as a function of “d,” using Eq. (1)
[22], where R is the radius of the ball.

=24 ford << R (1)
In other line of research, the concept of “biotribology” has gained important
spotlight in the area, including research works addressing the biotribological
behavior of materials [23-29] used in the manufacturing of human body elements.
Consequently, different laboratory techniques have been employed to reproduce
conditions where there are friction and consequent wear of parts of the human
mechanical structure with relative movement.
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However, wear tests conducted under the “ball-cratering” technique present
advantages in relation to other types of tribological procedures, as it favors the
desired analysis of the tribological behavior. Therefore, considering the need of tri-
bological characterization of biomaterials and the capacity that the “ball-cratering
wear test” method presents to this goal, the purpose of this work is to study the
biotribological behavior of mechanically and laser-marked ASTM F139 austenitic
stainless-steel biomaterial.

Liquid soluation
Specimen

Ball
—

Normal lorce - N
Tangential force — 7

Figure 1.
« ) » L . . .
‘Ball-cratering wear test’: representative figure of its operating principle.

Figure 2.
Images of wear craters: (a) diameter —d and (b) wear volume -V [21].
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2. Experimental details
2.1 Ball-cratering wear test equipment

Equipment with free-ball mechanical configuration (Figure 3a) was used for
the sliding wear tests. Two load cells were used in the tribometer: one load cell to
control the “normal force — N” applied on the specimen (Figure 3b) and the other
load cell to measure the “tangential force — T” developed during the experiments
(Figure 3c).

“Normal” and “tangential” force load cells have a maximum capacity of 50 N
and an accuracy of 0.001 N. The values of N and T were registered by a data acqui-
sition system, in real time, during the sliding wear tests.

2.2 Materials

The tested specimen was an ASTM F139 austenitic stainless-steel biomaterial,
marked mechanically and with a nanosecond Q-switched Nd: YAG laser. Its chemi-
cal composition is presented in Table 1.

Balls of polypropylene and AISI 316 L austenitic stainless steel, with diameter of
D =254 mm (D = 1" - standard size), were adopted as counterbodies.

To simulate the fluid present in the human body, a chemical liquid solution of
PBS - Phosphate Buffered Solution — was inserted between the specimen and the
ball. It was composed by the materials mentioned in Table 2.

Table 3 shows the hardness (H) of the materials used in this work (specimen
and test balls).

2.3 Ball-cratering wear tests and data acquisition

Table 4 presents the test conditions defined for the sliding wear experiments
conducted in this research.

Following values of normal force (IV) for the sliding wear experiments:

Npp = 0.05 N and N3¢, = 0.40 N were defined as a function of density (p) of the
ball material - polypropylene =p pp = 0.91 g/cm’ and AISI 316 L austenitic stainless
steel =p 36, = 8 g/cm’. The rotational speed (1) of ball was 75 rpm. For 7 = 75 rpm
and D = 25.4 mm, the tangential sliding velocity (v) of the ball is 0.1 m/s. Wear tests
were conducted under a test time (¢) of 10 min. With 0.1 m/s tangential sliding
velocity and 10 min (600 s) test time, a sliding distance (S) of 60 m was calculated
between the ball and the specimen.

All experiments were conducted without interruption, and the chemical liquid
solution of PBS — Phosphate Buffered Solution — was fed between the specimen
and the ball during the tests, under a frequency of 1 drop/10 s. Both the normal
force (V) and the tangential force (T) were monitored and registered constantly.
Finalizing the sliding wear tests, the diameters (d) of the wear craters were mea-
sured by optical microscopy, and their surfaces were analyzed by scanning electron
microscopy.

Finally, the wear volume (V) was calculated by Eq. (1), and the coefficient of
friction (i) was determined using Eq. (2):

)

=
I
=21~
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Load cell used to control the normal force (N) applied
on the specimen during the sliding wear tests.

Load cell used to measure the tangential force (7)
developed during the sliding wear tests.

Figure 3.
(a) “Ball-cratering” wear test equipment with “free-ball” mechanical configuration used for the sliding wear
tests: (b) load cell mounted to control the normal force and (c) load cell positioned to measure the tangential

force during the experiments.
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Chemical element % (in weight)
C 0.023
Si 0.78
Mn 2.09
P 0.026
S 0.0003
Cr 18.32
Mo 2.59
Ni 14.33
Fe Balance
Table 1.

Chemical composition of ASTM F139 austenitic stainless-steel biomaterial — in percentage weight.

Chemical element (g/)

NaCl 8

KCl1 0.2

Na,HPO, 115

KH,PO, 0.2

Table 2.
Chemical composition of the PBS — phosphate buffered solution — in g/1.

Material Hardness-H

Specimen ASTM F139 austenitic stainless steel 180 HV

Test ball Polypropylene 55— Shore D

AISI 316 L austenitic stainless steel 318 HV

Table 3.
Hardness of the materials used in this work.

Normal force — Npp Ball of polypropylene 0.05N

Normal force — Najg1, Ball of AISI 316 L austenitic stainless steel 040N

Test ball rotational speed — 7 75 rpm

Tangential sliding velocity — v 0.1m/s

Test time —t 10 min

Sliding distance - S 60 m

Table 4.
Test parameters for the ball-cratering wear tests under conditions of sliding wear.

3. Results and discussion
3.1 Scanning electron microscopy

Figure 4 shows a scanning electron micrograph of the surface of a wear crater
generated during the sliding wear tests.
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Occurrence of grooves, due to sliding movement between the ball and the
specimen, was observed in the scanning electron micrograph. The result presented
in Figure 4 is in qualitative agreement with the literature [30], where it is reported
that the action of grooves on the surface of a material is characterized as a common
tribological behavior of two metallic materials under relative movement.

3.2 Wear volume behavior
Figure 5 presents the behavior of the specimen in terms of wear volume (V) for

the following conditions: mechanically and laser-marked specimen and different
types of balls (counterbodies).

Figure 4.
Scanning electron micrograph of the surface of a wear cvater generated during the sliding wear tests.
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Figure 5.

Wear volume (V) behavior as a function of the type of marking process (“mechanical” or “laser”) and type
of counterbody (ball of polypropylene or ball of AISI 316 L austenitic stainless steel). Maximum standard
deviation reported: +7 x 10~* mm’.
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Figure 6.

Coefficient of friction behavior (W) as a function of the type of marking process (“mechanical” or “laser”) and
type of counterbody (ball of polypropylene or ball of AISI 316 L austenitic stainless steel). Maximum standard
deviation reported: +0.03.

In addition, Figure 5 shows a decrease in wear volume under laser marking pro-
cess for both types of counterbodies. Decrease in wear volume is related to increase
in local hardness of the specimen. Increase of hardness can be attributed to the action
of laser on specimen surface. In relation to specimen marked mechanically, the pos-
sible increase of local hardness could have occurred due to local surface hardening.

However, the increase of local hardness caused by laser marking is higher than
the local hardness caused by mechanical marking, justifying the results presented in
Figure 5.

3.3 Coefficient of friction behavior

Figure 6 shows the behavior of the coefficient of friction (u) for the conditions,
which the specimen is marked mechanically and marked with laser, and for the
different types of balls — counterbodies.

In the present tribological conditions, coefficient of friction was found lower
for the wear tests conducted against polypropylene ball than AISI 316 L austenitic
stainless-steel ball counterbodies.

4, Conclusions

The following conclusions can be drawn from the results obtained in this
research, regarding to tribological behavior of ASTM F139 austenitic stainless steel:

* tribological behavior was influenced by the type of the marking process —
“mechanical” or “laser” — applied for the investigated biomaterial;

* wear volume was found to be dependent on the normal force acting on the

specimen, that is, they were dependent on the type of counterbody - ball of
polypropylene or ball of AISI 316 L austenitic stainless steel; and
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* coefficient of friction was found dependent on the type of ball; the lower
values of ;1 were observed under the use of polypropylene ball.

Nomenclature

d diameter of the wear crater (mm)

D diameter of the test ball (mm)

H hardness (HV)

n test ball rotational speed (rpm)

N normal force (applied on the specimen) (N)

R radius of the test ball (mm)

S sliding distance (m)

t test time (min)

T tangential force (developed during the wear tests) (N)
v tangential sliding velocity of the test ball (m/s)
\% wear volume of the wear crater (mm?)

Greek letters

u coefficient of friction

p density (g/cm’)
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